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Theme 


New  technologies  for  low-NOx  combustors  and  advanced  high-pressure/high-temperature  cycle  engines  result  in  unique 
problems  in  design  and  performance.  There  have  been  significant  advances  in  modelling  and  diagnostics  to  aid  the  development 
of  these  technologies. 

The  purpose  of  this  Symposium  is  to  bring  together  experts  from  industry,  research  establishments,  and  universities  to  discuss 
fundamental  and  applied  research  in  combustion,  diagnostics,  and  modelling  as  relevant  to  the  development  of  advanced  gas 
turbine  engines,  to  exchange  practical  experience,  and  discuss  the  state  of  the  art. 

The  Symposium  focusses  on  high  temperature  fuel  systems,  atomization  and  mixing,  emissions,  and  combustor  design  and 
performance. 
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Les  nouvelles  technologies  pour  chamhres  de  combustion  a  faible  degagement  de  NOx  et  moteurs  avances  a  cycles  haute 
pression/haute  temperature  soulevent  des  problemes  particuliers  de  conception  et  de  performances.  Les  progres  considerables 
realises  dans  les  domaines  de  la  modelisation  et  du  diagnostic  representent  une  aide  appreciable  au  developpement  de  ces 
technologies. 

L'objet  de  ce  symposium  est  de  reunir  des  experts  de  l’industrie,  des  etablissements  de  recherche  et  des  universites  pour  discuter 
des  aspects  de  la  recherche  fondamentale  et  appliquee  en  combustion,  diagnostic,  et  modelisation  qui  sont  appropries  au 
developpement  des  turbomoteurs  avances.  pour  echanger  leur  experience  pratique  et  pour  discuter  de  letat  de  I'art  dans  ce 
domaine. 


Le  symposium  met  I’accent  sur  les  dispositifs  d’alimentation  haute  temperature,  la  vaporisation  et  le  melange,  les  emissions,  la 
conception  des  chamhres  de  combustion  et  les  performances. 
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The  new  "NATO  DISK" 
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Advanced  Study  Institutes,  NATO  Advanced  Research 
Workshops  and  other  high-level  scientific/technical  meetings 
is  published  by  KLUWER  ACADEMIC  PUBLISHERS  (The 
Netherlands),  PLENUM  PUBLISHING  Corporation  (USA) 
and  SPRINGER- VERLAG  (Germany) 

The  NATO-PCO  DATABASE  contains  full  references  (with 
keywords  and/or  abstracts)  to  more  than  40.000  contributions 
from  international  scientists  of  high  repute. 

The  database  covers  a  broad  spectrum  of  scientific  disciplines: 
LIFE  SCIENCES,  ECOLOGY,  MEDICINE,  CHEMISTRY, 
GEOSCIENCES,  ASTRONOMY,  MA  THEMA  TICAI.  AND 
PHYSICAL  SCIENCES,  BEHAVIOURAL  SCIENCES, 
MATERIALS  SCIENCES,  ENGINEERING,  SYSTEMS  and 
COMPUTER  SCIENCES. 


The  AGARD  AEROSPACE  DATABASE 

This  bibliographic  database  generated  by  PCO  in  co-operation 
with  NASA  (USA)  and  AGARD  (France)  provides 
information  on  thousands  of  AGARD-sponsored  publications  - 
conference  proceedings,  AGARDographs  (major  works  of 
long-lasting  interest),  lecture  series,  reports  and  advisory 
reports  -  published  from  about  1960  to  1991.  As  is  the  case  for 
the  NATO-PCO  DATABASE,  the  AGARD  AEROSPACE 
DATABASE  includes  details  not  only  of  the  complete 
publications  but  also  of  the  papers  contained  in  them  (up  to  40 
or  more  in  a  conference  proceedings). 

AGARD  (The  Advisory  Group  for  Aerospace  Research  and 
Development)  is  an  agency  of  NATO  based  in  Paris.  Its 
mission  is  essentially  to  interchange  information  about  R&D 
in  aerospace  within  and  between  the  NATO  nations. 

AGARD’s  areas  of  activity  cover: 

AEROSPACE  MEDICINE,  AVIONICS,  FLIGHT 
MECHANICS,  ELECTROMAGNETIC  WAVE 
PROPAGATION,  FLUID  DYNAMICS,  GUIDANCE  AND 
CONTROL,  PROPULSION  AND  ENERGETICS, 
STRUCTURES  AND  MATERIALS,  and  TECHNICAL 
INFORMATION. 


The  price  for  the  CD-ROM  containing  both  databases  is  DM  1.140.-  or  USD  790.00  (excluding  tax). 
Updates  are  planned  to  appear  on  a  yearly  basis. 

The  “NATO  DISK"  is  available  from: 

NATO  ASI  SERIES  Publication  Coordination  Office  (PCO), 

(Information  Office  of  WTV  GmbH,  Germany) 
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en  frangais  au  verso 


Le  nouveau  "DISQUE  SCIENCE  &  TECHNOLOGIE  OTAN” 


La  base  de  donnees  du  Bureau  de  coordination  des  publicadons  (PCO)  de  i’OTAN  et  la 
Base  de  donnees  aerospatiales  de  l’AGARD  mises  sur  disque  compact  (CD-ROM): 

Ces  deux  bases  de  donnees  importantes  pr(*sentent  un  trfcs  grand  int6r§t  pour  ies  scientifiques  et  les 
ingdnieurs  qui  travaillent  dans  les  university,  Ies  instituts  de  recherche  et  l’industrie. 

Nous  avons  le  plaisir  d’annoncer  que  la  version  amdliorde  du  "Disque  Science  &  Technologie  OTAN";  c’est  4  dire  le  disque 
optique  compact  (CD-ROM)  lisible  par  ordinateur,  est  disponible  depuis  peu.  11  contient  la  premidrc  mise  4  jour  importante  de 
LA  BASE  DE  DONNEES  DU  BUREAU  DE  COORDINATION  DES  PUBLICATIONS  DE  L'OTAN  (NATO-PCO)  avec 
ses  40.000  entrdes  bibliographiques  renvoyant  4  la  littdrature  scientifique  non  militaire  produite  sous  I’dgide  du  Comitd 
Scientifique  de  l’OTAN  et,  pour  la  premidrc  fois,  unc  version  spdciale  de  la  "BASE  DE  DONNIES  AEROSPATIALES"  dc 
l’AGARD  donnant  accds  4  la  littdrature  adrospatiale  qui  ddcoule  des  programmes  du  Groupe  consultatif  pour  la  recherche  et 
les  rdalisations  adrospatiales  (AGARD)  de  l’OTAN. 

Grace  4  la  fadlitd  d’exploitation  offerte  par  les  options  sur  menu  du  logiciel  d’exti  action,  l’accds  aux  donndes  est  simple  et 
rapide!  La  structure  de  ces  donndes  est  excellente  et  leur  prdsentation  agrdable  tout  en  dtant  fonctionelle.  Le  logidel  CD- 
ANSWER  -  (c)  Copyright  DATAWARE  Technologies  Inc.  - ,  qui  accompagne  le  disque  compact  a  re$u  le  prix  du  "Meilieur 
logidel  d’extraction  de  disque  compact  CD-ROM"  pour  1990.  II  fonctionne  en  ANGLAIS,  en  FRANQAIS  et  en  ALLEMAND. 
II  n’impose pas  I'apprentissage  d'un  langage  de  recherche  compliqui. 

Le  disque  optique  peut  dtrc  udlisd  avec  un  ordinateur  personnel  standard  (PC  XT/AT  100  %  compatible,  avec  RAM  de  512 
kilo-octets  minimum  et  MS  DOS/PC  DOS  version  3.0  minimum),  comportant  un  lecteur  de  disque  optique. 


BASE  DE  DONNIES  (NATO-PCO) 

La  BASE  DE  DONNEES  NATO-PCO,  dont  les  droits 
d’auteur  sont  ddtcnus  par  la  soddtd  allemande  WTV  GmbH, 
est  un  outil  de  rdfdrence.  Elle  couvrc  plus  dc  vingt  anndcs  de 
rdunions  et  de  publications  sdentifiques  et  techniques  non 
militaires  de  la  sdric  ASI  de  I’OTAN,  tenues  ou  dmises  sous 
l’dgide  du  Comitd  Sdentifique  de  l’OTAN.  Cette  sdriel 
vdhicule  offidel  de  publication  des  rdsultats  des  instituts 
d’dtudes  avanedes  et  des  ateliers  de  recherche  de  pointe  de 
I’OTAN  et  autres  rdunions  sdentifiques  et  techniques  de  haut 
niveau,  est  publide  par  les  maisons  d’ddition  KLUWER 
ACADEMIC  PUBLISHERS  des  Pays-Bas,  PLENUM 
PUBLISHING  Corporation  des  Etats-Unis  et  SPRINGER- 
VERLAG  d’Allemagnc. 

La  BASE  DE  DONNEES  NATO-PCO  contient  les  rdfdrences 
intdgrales  (y  compris  les  mots  dds/rdsumds)  concernant  plus 
de  40.000  articles  rddigds  par  des  scientifiques  internationaux 
de  haut  niveau. 

La  base  de  donndes  couvre  un  large  dventail  de  disciplines 
scientifiques:  SCIENCES  DE  LA  VIE,  ECOLOGIE, 
MEDECINE,  CHIMIE,  SCIENCES  DE  LA  TERRE, 
ASTRONOMIE,  SCIENCES  MATHEMATIQUES  ET 
PHYSIQUES,  SCIENCES  DU  COMPORTEMENT, 
SCIENCES  DES  MATERIA UX,  TECHNOLOGIE, 
SCIENCES  DES  SYSTEMES  ET  DE  L'INFORMA  TIQUE. 


BASE  DE  DONNDES  ADROSPATIALES 
DE  L’AGARD 

Cette  base  de  donndes  bibliographique  erdde  par  le  Bureau  dc 
coordination  des  publications  (PCO)  en  coopdration  avec  la 
NASA  (Etats-Unis)  et  l’AGARD  (France)  fournit  des 
informations  sur  des  milliers  de  publications  rdalisdes  sous 
I’dgide  de  l’AGARD  et  dditdes  entre  1960  et  1991  environ: 
p  roods  verbaux  de  confdrence,  AGARDographies  (travaux 
importants  prdsentant  un  intdrdt  sur  une  longue  pdiiode), 
cycles  de  confdrences,  comptes  rendus  et  rapports  consultants. 
Commc  dans  le  cas  de  la  BASE  DE  DONNEES  NATO-PC’O, 
la  BASE  DE  DONNEES  AEROSPATIALES  DE  L’AGARD 
inclut  le  ddtail  non  seulement  des  publications  compldtes,  mais 
aussi  des  communications  qu’elles  renferment  (jusqu’4  40  ou 
plus  dans  un  proeds  verbal  de  confdrence). 

L’AGARD  (Groupe  consultatif  pour  la  recherche  et  les 
rdalisations  adrospatiales)  est  une  agencc  de  l’OTAN  dont  le 
sidge  est  4  Paris.  Sa  mission  consiste  essenticllement  4 
dchanger  des  informations  de  R  et  D  dans  le  domaine 
adrospatial  tant  4  1’intdrieur  des  pays  de  1’OTAN  qu’entre  cu>. 
Ses  secteurs  d’activitd  couvrent: 

LA  MEDECINE  AEROSPATIALE,  AVION  I  QUE,  l  A 
MECANIQUE  DU  VOL  LA  PROPAGATION  DES  ON  DES 
ELECTROMAGNETIQUES,  LA  DYNAMIQUE  DES 
FLU  I  DES,  LE  GUIDAGE  ET  LE  PILOTAGE,  IA 
PROPULSION  ET  L'ENERGETIQUE,  LES  STRUCTURES 
ET  LES  MA  TERIA  UX  ET  L  'IN FORMA  TION  TECHNIQUE 


Le  prix  hors  taxc  du  CD-ROM  contenant  les  deux  bases  de  donndes  est  de  1140  DM  ou  790  $  US  (soil  environ  40001!  ) 
II  est  prdvu  de  proedder  4  une  mise  4  jour  annuclle. 

11  est  possible  de  se  procurer  le  "DISQUE  SCIENCE  &  TECHNOLOGIE  OTAN"  auprds  du: 

NATO  ASI  SERIES  Publication  Coordination  Office  (PCO), 

(Bureau  d'information  dc  la  socidte  WTV  GmbH,  Allemagne) 
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1.  INTRODUCTION 

There  has  been  little  fundamental  change  in  the  challenges  in 
gas  turbine  combustor  design  since  the  AGARD  Symposium 
on  Combustion  and  Fuels  in  Gas  7\irbine  Engines  held  in 
Chania,  Crete,  Greece  in  1987,  and  reported  in  AGARD 
Conference  Proceedings  422.  However,  the  understanding  of 
the  nature  of  the  combustor  design  challenges  has  improved 
in  the  intervening  years,  as  well  as  the  quality  of  the  design  and 
development  tools.  There  have  also  been  some  demonstra¬ 
tions  of  possible  design  solutions  for  problems. 

The  papers  presented  in  this  81st  AGARD  Symposium 
include  a  discussion  of  design  goals  and  objectives,  reviews  of 
analytical  and  physical  design  tools  and  techniques,  descrip¬ 
tions  of  new  demonstration  test  rigs,  and  explanations  of 
solutions  for  some  combustor  design  problems.  This  sympo¬ 
sium  volume  will  be  a  significant  addition  to  the  gas  turbine 
combustion  literature,  and  some  concepts  described  herein 
can  be  of  immediate  practical  use. 

The  papers  in  this  >>mposium  can  be  divided  into  five  catego¬ 
ries: 

•  Design  Goals  and  Technology  Overview 

•  Pollutant  Formation  and  Emissions 

•  High  Temperature  Fuel  and  Fuel  Systems 

•  Fuel  Atomization 

•  Combustor  Research  —  Modelling,  Design  and  Opera¬ 
tion. 

This  is  a  somewhat  different  category  selection  than  in  the 
table  of  contents  of  this  volume,  and  it  provides  an  additional 
way  of  referring  to  the  subject  matter.  Each  subject  is  dis¬ 
cussed  in  Sections  2  through  6,  in  order,  and  they  are 
tabulated,  with  indications  of  their  major  content,  in  Tables  I 
to  V.  The  author  referred  to  in  the  charts  and  in  the  text  of  this 
report  is  the  first  author  listed  on  the  paper,  not  necessarily 
the  first  author  listed  in  the  Table  of  Contents. 

DESIGN  GOALS  AND  TECHNOLOGY  OVERVIEW 

Schumann,  in  his  Keynote  Address,  provided  considerable 
hard  data  about  the  impact  of  gas  turbine  emissions  on  var¬ 
ious  portions  of  the  atmosphere.  While  absolute  quantities  of 
emissions  from  air  traffic  are  small,  their  impact  is  significant. 
Nitric  oxide  emissions  reduce  ozone  levels  above  the  tropo- 
pause  (approx.  12-14  km,  or  35-40  thousand  feet),  but 
increase  ozone  levels  below  that  altitude.  The  future  strong 
increase  in  air  traffic  will  further  increase  NOx  and  water 
vapour  in  the  stratosphere,  even  though  the  total  fleet  fuel 
consumption  will  increase  only  moderately  because  of  the 
projected  increase  in  propulsive  efficiency.  There  must  be  a 
significant  decrease  in  engine  NOx  emissions  particularly  at 


high  altitudes,  in  order  to  counteract  the  effect  of  increased 
fuel  usage.  While  some  reduction  of  the  harmful  impact  of  air¬ 
craft  emissions  on  the  stratosphere  could  conceivably  be 
obtained  by  appropriate  air  traffic  control,  the  bulk  of  the 
reduction  is  the  responsibility  of  the  gas  turbine  combustor 
designer.  Since  the  contribution  from  military  aircraft  is  not 
large,  probably  less  than  25%  of  the  aircraft  total,  and  since 
much  of  the  military  aircraft  operation  is  below  the  tropo¬ 
sphere,  c  decrease  in  emissions  from  this  source  has  a  small 
impact.  This  leaves  the  major  emission  reduction  effort  on  the 
shoulders  of  the  designers  of  engines  for  high  flying,  long 
range,  commercial  aircraft 

Clouser  (Paper  1 )  pointed  out  that  because  military  aircraft 
procurement  is  declining,  both  commercial  and  military  tech¬ 
nology  development  is  being  aimed  at  dual  use.  The  military 
programmes  for  high  technology  demonstrator  engines  and 
advanced  component  and  materials  development  continue  to 
be  funded  in  the  United  States  by  the  Integrated  High  Per¬ 
formance  TUrbine  Engine  Technology  (IHPTET) 
programme,  which  requires  significant  financial  contribution 
from  industry.  The  major  goal  has  remained  constant  from  the 
programme’s  inception  several  years  ago:  to  double  gas  tur¬ 
bine  performance  in  a  15  to  18  year  period.  Combustor 
design  goals  are  based  on  near  stoichiometric  operation  at 
high  combust  ir  inlet  temperature,  with  a  50%  reduction  in 
weight,  and  with  no  loss  in  other  significant  operating  para¬ 
meters.  While  low  emissions  are  not  at  the  top  of  the  priority 
list  (and  low  NOx  is  not  compatible  with  the  high  reaction 
temperatures  associated  with  stoichiometric  combustion),  the 
technology  required  by  the  IHPTET  goals  is  readily  adapt¬ 
able  to  low  emission  combustor  designs,  and  this  adaptability 
will  be  a  requirement  for  the  survival  of  gas  turbine  engine 
manufacturers  in  the  2 1  si  century. 

In  his  discussion  of  the  combustor  design  requirements  for 
the  next  generation  of  supersonic  civil  aircraft,  Lowrie  (Paper 
2)  emphasized  that  the  high  combustor  inlet  temperatures  at 
supersonic  cruise  conditions  create  difficult  targets  for  com¬ 
bustor  hardware  life  and  for  lo\#  emissions.  This  temperature 
would  be  approximately  950K  (1250  F),  and  would  be  main¬ 
tained  for  the  major  part  of  the  engine  operation.  While  the 
stator  exit  temperature  would  not  be  abnormally  high,  about 
I650K  (25 10  F),  the  reaction  temperature  of  a  diffusion  flame 
combustor  is  clearly  unacceptably  high  for  the  ultra  low  NOx 
emissions  required  for  operation  in  the  stratosphere.  Lowrie 
recommends  that  the  NOx  target  should  be  less  than  an  Emis¬ 
sion  Index  of  5g/kg,  and  suggests  that  the  probable 
combustor  solution  would  be  a  lean,  premixed,  staged  com¬ 
bustor  design,  with  ceramic  matrix  composite  walls,  operating 
at  an  equivalence  ratio  of  near  0.3. 


Presented  at  an  AGARD  Meeting  on  'Fuels  and  Combustion  Technology  for  Advanced  Aircraft  Engines',  May  1993. 


Biddle  (Paper  16)  summarized  the  high  temperature  fuel  and 
fuel  system  problem  very  nicely  by  evaluating  the  heat  load  of 
advanced  fighter  airframes.  They  concluded  that  both  a  high 
temperuture  fuel  (about  650  K  capability)  and  a  fuel  recircu¬ 
lation  system  will  be  required.  Supersonic  flight  conditions 
were  covered. 

These  four  papers,  which  are  listed  in  Table  I,  very  nicely  sum¬ 
marize  the  design  requirements  for  future  aircraft  gas  turbine 
combustors.  Since  some  requirements  are  incompatible,  com¬ 
bustor  designs  must  be  tailored  for  the  specific  application, 
but  the  technology  required  has  very  much  in  common. 

The  technology  objectives  include: 

•  l.ow  emissions,  particularly  ultra  low  NOx 

•  C ombustor  inlet  temperature  of  V50K 

•  Fuel  bulk  temperatures  up  to  750K  (900  F)  at  the  fuel 
injector 

•  Equivalence  ratios  from  lean  to  near  stoichiometric 

•  Shoit,  light  long  life  combustor  liners  with  minimum 
cooling  air  and  advanced  materials 

•  Little  or  no  reduction  in  other  performance  requirements 
like  cold  day  or  high  altitude  ignition  or  combustor  stabil¬ 
ity 

•  Li  w  pattern  factor  at  the  turbine  inlet 

All  this  is  to  be  done  in  the  face  of  declining  development 
funding,  so  the  combustor  design  has  to  be  close  to  right  the 
first  time.  The  papers  in  the  following  sections  help  to  explain 
how  these  very  difficult  goals  might  be  met,  at  least  in  part. 

3.  POL  LUTANT  FORMATION  AND  EMISSIONS 

Tlie  first  series  of  papers  on  this  subject  dealt  with  modelling 
of  pollutant  formation  and  consisted  of  four  papers.  Investi¬ 
gators  at  Leeds  University  (Paper  3)  showed  that  under  lean 
premixed  flame  conditions  where  thermal  NOx  does  not 
form,  small  amounts  of  prompt  NOx  will  form,  either  as 
hydrocarbon  prompt  NOx  or  via  the  nitrous  oxide  route.  The 
coherent  flamelet  model,  tested  by  investigators  at  the  Ecole 
Central  Paris  (Paper  4),  gave  only  fair  quantitative  predictions 
of  CO,  and  needs  further  improvement.  The  flamelet  model 
evaluated  by  Alizadeh  and  Moss  (Paper  7)  gave  NO  and  tem¬ 
perature  predictions  qualitatively  similar  to  those  obtained 
with  equilibrium  predictions.  Soot  predictions  were  uncer¬ 
tain.  although  the  piedictions  of  the  spatial  distributions  of 
soot  compared  reasonably  with  measurements  in  the  test 
combustor.  They  show  that  soot  formation  can  extend  into  the 
intermediate  zone  between  the  primary  jets,  where  the  local 
temperatures  can  quickly  drop  to  levels  which  result  in  slow 
carbon  oxidation  rates.  Carvalho  (Paper  8)  evaluated  three 
soot  formation  and  oxidation  models  and  concluded  that 
none  were  good  enough  if  quantitative  results  were  desired. 

There  were  seven  papets  dealing  with  emissions,  but  having  a 
point  of  view  which  is  readily  applicable  to  combustors,  Dren- 
nan  (Paper  28)  has  set  up  a  test  rig  at  Irvine  where  a 
simplified,  but  realistic,  combustor  can  be  operated  at  practi¬ 
cal  gas  turbine  conditions,  and  baseline  emission  data  has 
been  taken  which  is  representative  of  typical  current  combus¬ 
tors  The  data  show  that  the  effluent  from  the  primary  zone 
forced  between  the  primary  jets  is  a  source  of  hydrocarbon 
and  CO  reaction  quenching  at  low  inlet  temperatures  and 
NOx  production  at  high  inlet  temperatures,  somewhat  similar 
to  the  observation  of  Alizadeh  and  Moss  relative  to  soot  for¬ 
mation  and  quenching.  Increased  atomizing  air  was  shown  to 
decrease  NOx.  while  a  larger  SML>  was  observed  to  increase 
NOx,  even  though  there  is  no  obvious  reason  for  this  latter 
effect. 


Segalman  (Pcner  29)  reviewed  the  stutus  of  the  fuel  staged 
combustor  being  developed  for  the  V2500  engine  by  Pratt 
and  Whitney,  The  staging  is  done  axially  with  airblast  injec¬ 
tors  used  in  both  the  pilot  and  the  main  stages.  The  NASTAR 
computer  rode  was  used  in  support  of  a  test  rig  programme  to 
determine  aerodynamic  influences  within  the  combustor  and 
to  predict  temperature  distributions.  While  this  code  could 
not  directly  determine  emissions,  it  was  possible  to  make  edu¬ 
cated  inferences  concerning  combustion  characteristics  and 
low  emissions  potential,  thus  saving  considerable  develop¬ 
ment  time.  The  result  war  good  altitude  relight,  combustor 
efficiencies  above  99.9%  over  the  operating  range,  and  satis¬ 
factory  radial  and  circumferential  temperature  distributions. 
At  take  off,  NOx  was  reduced  by  half,  compared  to  the  con¬ 
ventional  combustor,  and  engine  tests  proved  that  the  engine 
EPAP  NOx  is  only  half  of  the  current  ICAO  requirements. 
The  tests  also  showed  the  NOx  reduction  potential  of  fuel 
staging  even  though  main  stage  premixing  was  not  used. 

At  SNECMA,  Meunier  and  others  (Paper  30)  ran  tests  on  a 
five  injector  annular  sector  combustor  us-ng  variable  swirlers 
to  adjust  the  primary  airflow.  This  method  was  used  to  tailor 
the  primary  zone  eauivalence  ratio  and  hold  it  between  0.6 
and  1.0  over  the  operating  range,  thereby  assuring  low  smoke, 
good  stability  and  relight,  while  making  it  possible  to  reduce 
NOx.  Diluent  holes  were  eliminated,  the  liner  length  was 
reduced  20%,  and  it  was  noted  that  primary  holes  which  were 
only  '/;  an  annulus  height  downstream  of  the  swirlers  gave  a 
wider  stability  range  than  holes  at  a  location  further  down¬ 
stream. 

Tilston  and  others,  at  Pyestock  (Paper  32),  tested  three  very 
short  (primary  zone)  combustors,  modified  to  thirty  different 
configurations,  which  were  fuelled  with  air  assist  atomizers. 
They  concluded  that  regardless  of  the  primary  zone  equival¬ 
ence  ratio  NOx  is  formed  only  at  a  local  equivalence  ratio 
close  to  stoichiometric,  and  the  thermal  NOx  reduction  that 
occurs  when  the  overall  equivalence  ratio  is  leaned  is  caused 
by  reduced  residence  time,  not  by  a  substantial  reduction  in 
reaction  temperature.  There  was  no  evidence  that  any  com¬ 
bustion  took  place  at  mixtures  leaner  than  0.90  equivalence 
ratio.  They  conclude  that  lor  a  diffusion  flame  combustor 
with  a  primary  zone  equivalence  ratio  reduced  from  near  stoi¬ 
chiometric  to  about  0.5,  a  30%  to  40%  NOx  reduction  is 
possible.  This  is  somewhat  less  than  that  demonstrated  by  the 
Pratt  and  Whitney  staged  combustor. 

Salva  and  Lopez  (Paper  33)  tested  the  interesting  concept  of 
injection  of  hydrogen  into  a  conventional  diffusion  flame  can 
combustor,  fuelled  with  a  simplex  injector,  witn  the  primary 
equivalence  ratio  leaned  to  0.5  or  less.  Without  hydrogen 
injection,  NOx  would  decrease,  particularly  if  the  reference 
velocity  was  increased,  but  CO  would  increase  to  unaccept 
ably  high  values.  With  the  addition  of  about  2%  hydrogen 
premixed  into  the  primary  zone  airflow,  the  combustoi  effi¬ 
ciency  improves,  while  NOx  is  increased  very  little.  The 
largest  part  of  this  decrease  in  CO  is  caused  by  an  improve¬ 
ment  in  chemical  kinetics.  This  concept  could  be  very 
effectively  combined  with  a  variable  area  primary  zone. 

Another  experimental  programme,  this  one  at  The  University 
of  Leeds,  reported  by  Andrews  (Paper  24),  showed  that 
swirler  and  fuel  injector  designs  which  gave  low  NOx  in  a 
research  combustor  with  gaseous  fuel  could  also  give  low 
NOx  with  kerosene  fuel.  In  one  instance,  liquid  kerosene  gave 
lower  NOx  than  natural  gas.  One  key  is  to  insert  the  fuel  into 
the  combustor  at  the  point  where  turbulence  dissipation  is 
greatest,  i.e.,  in  shear  layers.  This  can  mean  that  CFD  modell- 


ing  cun  be  misleading  if  precise  fuel  placement  is  important 
and  this  boundary  condition  is  not  properly  accounted  for  in 
the  calculation.  Also,  it  appears  that  for  a  lean  bum  combus¬ 
tor,  backside  impingement  cooling  may  be  sufficient  to  awl 
the  liner  walls.  Andrews  suggested  that  equivalence  ratios  of 
0.4  and  0.5  be  considered  for  lean  bum  combustor  styles. 
Santavicca  (Paper  22)  presented  an  interesting  paper  describ¬ 
ing  an  experimental  study  to  determine  the  lean  limit  and 
emissions  of  a  simple  kerosene  fuelled,  prevaporized,  pre¬ 
mised  combustor.  They  found  that  the  NOx  emissions  were 
the  same  whether  the  fuel  and  air  were  well  mixed  or  pooily 
mixed,  but  the  well  mixed  case  had  the  better  lean  limit.  A 
phenomenological  explanation  of  this  anomaly,  based  on 
combustion  of  "pockets",  was  given. 


4.  HIGH  TEMPERATURE  FUELS  AND  FUEL  SYSTEMS 

There  were  a  total  of  seven  papers  which  addressed  the  pro¬ 
blem  of  high  temperatures  in  the  fuel  delivery  system,  a 
problem  solvable  either  with  fuels  that  do  not  break  down  at 
temperatures  up  to  750K,  or  by  fuel  systems  so  thermally  iso¬ 
lated  from  the  combustor  inlet  air  or  from  other  heat  sources 
that  a  lower  temperature  capability  fuel  can  be  used.  Obvi¬ 
ously,  a  combination  of  both  approaches  is  possible.  These 
papers  are  listed  in  Table  III. 

lanovski  (Paper  44)  proposed  that  endothermic  fuels  can  be  a 
solution  for  the  cooling  of  elements  of  hypersonic  vehicles, 
and  the  resultant  gaseous  products  of  the  decomposed  liquid 
fuels,  which  consist  primarily  of  hydrogen  and  light  hydrocar¬ 
bons,  will  improve  the  combustor  stability,  thereby  permitting 
satisfactory  lean  burn  operation.  Appropriate  catalysts  can 
markedly  improve  the  fuel  decomposition  rate,  and  the  cool¬ 
ing  capability  of  the  fuel  is  thereby  doubled  at  temperature 
levels  near  1200K. 

Peloche  and  Asensio  (Paper  17)  pointed  out  that  fuel  thermal 
instability  is  caused  by  compounds  in  the  fuel  which  can  be 
reduced  or  eliminated  by  percolation  of  the  fuel  through  an 
absorbent  clay.  The  best  clays  tested  were  able  to  increase  the 
fuel  break  point  by  about  50  degrees  C.  Edwards  (Paper  18) 
reviewed  results  of  tests  at  the  L'SAF  Wright  Laboratory 
designed  to  reach  a  better  understanding  of  fuel  instability.  It 
appears  that  a  fuel's  tendency  to  oxidise  is  often  inversely  pro¬ 
portional  to  its  tendency  to  form  deposits,  but  additional 
work  is  needed  to  complete  this  programme,  However,  it 
appears  possible  to  develop  an  additive  package  to  increase 
the  thermal  stability  of  JP-8  by  55  degrees  C. 

Katta,  et  al.  (Paper  19)  reported  on  the  development  of  two 
global  chemistry  models  for  fuel  stability,  and  noted  that  the 
models  are  not  yet  sufficient  to  predict  fuel  oxidation  and  dep¬ 
osition  rates  simultaneously,  but  the  global  chemistry  model 
shows  promise.  For  a  fuel  to  be  thermally  stable  at  750K,  it 
appears  that  all  oxygen  must  be  removed  from  the  fuel,  and 
the  research  is  not  far  enough  along  to  know  if  it  can  be  done 
with  additives. 

Stickles,  et  al.  (Paper  20)  reported  on  The  U.S.  Navy  High 
Temperature  Fuel  Nozzle  Program  which  was  aimed  at  a  fuel 
injector  design  which  would  operate  satisfactorily  at  a  com¬ 
bustor  inlet  air  temperature  of  1144K  and  a  fuel  temperature 
of  450K.  JP-5  fuel  was  used  as  the  test  fuel.  Although  much 
care  was  taken  to  shield  the  dual  orifice  injector  from  the  hot 
air,  and  the  fuel  wetted  surfaces  were  polished  to  minimize 
coke  deposition,  the  result  was  disappointing.  Apparently 
coke  had  formed  in  the  fuel  itself,  had  not  deposited  on  the 


passage  walls,  but  then  accumulated  in  the  swirl  slots,  which 
had  not  been  redesigned. 

Some  of  the  advantages  of  the  use  of  C'FD  in  the  detailed 
design  of  airblast  injectors,  particularly  those  for  smuil  engine 
combustors,  was  described  by  McCuldon  (Paper  2 1 ).  The  air¬ 
flow  distortions  approaching  and  within  the  injector  swirlers 
plus  in  the  flow  field  within  the  combustor  resulting  from  the 
swirlers  can  both  be  useful  in  design.  Pratt  and  Whitney 
Canada  has  been  successful  in  avoiding  significant  clogging  of 
fuel  metering  orifices  with  linear  dimensions  as  small  as  200 
microns  by  keeping  wetted  wall  temperatures  below  480K. 


5.  FUEL  ATOMIZATION 

There  were  five  papers  in  this  group,  four  dealing  with  spray 
modelling  and  experiments,  plus  one  paper  describing  a  new 
type  of  fuel  injector. 

Tests  at  Imperial  College,  reported  by  Perez-Ortiz,  et  al„  in 
Paper  54,  involved  observations  of  flames  stabilized  by  var¬ 
ious  flameholders  in  a  duct,  fuelled  by  premixed  methane  plus 
atomized  kerosene  injected  at  several  locations,  both  at 
uniform  and  pulsed  flow  rates.  The  most  important  conclu¬ 
sion  was  that  pulsed  kerosene  injection  can  induce  large 
amplitude  combustion  oscillations  in  normally  smooth  burn¬ 
ing  flames  and  damp  large  amplitude  oscillations  at  rough 
burning  conditions.  Not  much  effort  has  yet  been  expended  to 
model  the  flame  characteristics  observed.  Mularz  (Paper  35) 
described  experiments  done  at  NASA,  Lewis,  to  measure 
spray  characteristics,  and  described  details  of  the  CFD  code 
under  development  to  predict  these  characteristics.  Code  val¬ 
idation  with  the  experimental  data  has  yet  to  be  done.  The 
code  is  named  ALLSPD,  and  is  a  variant  of  TEACH,  and  a 
two  dimensional  version  should  be  available  during  the  sum¬ 
mer  of  1993. 

Hebrard  (Paper  36)  reported  on  the  development  of  a  similar 
code  at  ONERA.  and  showed  a  good  correlation  between 
prediction  and  measurement  of  drop  trajectories  from  an  air 
blast  injector.  Data  was  taken  with  a  high  speed  video  camera. 
A  Weber  number  relationship  was  given  to  predict  whether  a 
droplet  will  bounce  or  film  when  hitting  a  wall,  and  it  was  also 
observed  that  droplets  burn  singly,  in  groups,  or  en  masse. 

Another  code  for  modelling  turbulent,  evaporating  sprays  has 
been  developed  at  University  Karlsruhe  (Pape-  36),  and  it 
was  reported  that  it  agrees  well  with  experiments  measuring 
droplet  diameter  and  drop  concentrations.  The  code  is  Eule- 
rian  and  contains  transport  equations  for  droplet  heating  and 
evaporation  and  can  handle  recirculating  flows.  It  gives  good 
agreement  with  Lagranglan  calculations,  and  can  be  readily 
incorporated  into  existing  codes. 

Whitlow  (Paper  38)  described  recent  experimental  studies  on 
effervescent  atomizers.  These  atomizers  produce  a  fine  spray 
over  a  wider  range  of  flows  than  either  a  pressure  atomizer  or 
an  air  blast  atomizer  because  both  liquid  and  air  are  ejected 
through  the  same  exit,  and  the  atomization  is  a  function  of 
both  the  liquid  flow  and  the  air  flow.  Tests  were  run  on  two 
basic  designs:  plain  orifice  and  conical  sheet  atomizers.  In 
both  cases,  the  Sauter  Mean  Diameter  decreases  with  an 
increase  in  either  the  air/liquid  ratio  or  the  operating  pres¬ 
sure.  Both  designs  had  a  wide  spray  angle.  A  variety  of  design 
parameters  were  varied  and  iheir  effects  on  SMD  and  drop 
size  distribution  were  measured. 

These  papers  are  listed  in  Table  IV. 


6,  COMBUSTOR  RESEARCH  -  MODELLING. 

DESIGN  AND  OPERATION 

Tins  category  of  papers  is  the  largest  of  the  Symposium,  and 
contains  reviews  of  investigations  of  methods  to  handle  the 
design  of  a  combustor  or  a  portion  thereof.  There  are  13 
papers  in  this  proup  and  they  are  listed  in  Tabic  V. 

Maidhof  and  Janicka  (Paper  10)  described  the  calculation  of 
the  flow  and  scalar  fields  of  an  uxisymmetric  non-premtxed 
combustor.  The  code  includes  a  radiation  model,  a  diffusion 
flame  combustion  model  using  either  chemical  equilibrium  or 
laminar  flamelet  schemes,  a  NOx  model,  which  includes  the 
etfect  of  radiation  on  NOx,  and  a  turbulence  model,  where 
Reynold’s  stress  was  found  to  be  superior  to  eddy  viscosity 
closure.  The  non  linear  equation  system  is  solved  by  a  time 
marching  iteration,  which  converges  in  about  400  iterations. 

Martino  et  al.  (Paper  11)  describe  a  method  of  calculating 
steady,  3D,  two  phase  turbulert  reacting  flows  with  irregular 
boundaries,  and  they  compare  the  calculated  results  with 
measurements  from  a  reverse  flow  annular  vaporizing  com¬ 
bustor.  The  agreement  was  fair  to  good,  and  they  feel  that  the 
code  can  be  used  with  confidence  for  the  design  and  develop¬ 
ment  of  combustors.  There  is  no  calculation  of  wall 
temperatures  or  for  soot  or  gaseous  emissions,  however. 

Mongia  reviewed  in  Paper  12  the  23  combustors  which  he 
and  his  colleagues  have  designed  in  the  past  two  decades 
using  some  form  of  numerical  combustor  modelling.  He  con¬ 
cludes  that  second  order  closure  models,  while  useful  in 
understanding  many  combustion  phenomena,  are  not  suffi¬ 
ciently  accurate  for  quantitative  design.  He  recommends  a 
hybrid  technique  where  empirical,  semi-analytical  and  quasi 
I  -D  analyses  are  used  in  conjunction  with  2-D  and  3-D  com¬ 
putational  models,  and  then  use  the  best  of  both  types  to  go 
from  preliminary  design  and  through  development  to  the  final 
combustor  design.  This  permits  all  aspects  of  combustor 
design  to  be  approached  in  a  consistent  manner,  and  builds  a 
useful  design  data  base. 

Hu  and  Proeiw  (Paper  14)  described  the  usefulness  of  a  3-D 
computer  code  to  predict  the  flow  field  of  a  real  combustor, 
and  feel  that  despite  some  shortcomings  it  is  a  valuable  tool 
for  combustor  design.  It  can  be  reasonably  accurate,  at  least 
for  predicting  details  of  the  flow  field.  Several  practical  design 
problems  are  shown  which  are  amenable  to  solution.  At 
SNECMA,  a  3-D  code  named  DIAMANT  was  successfully 
used  in  the  design  of  a  fairly  conventional  afterburner, 
according  to  Dejeu,  et  al.  (Paper  15).  The  model  consisted  of 
60,000  nodes,  and  the  code  included  droplet  Sauter  Mean 
Diameter  and  velocity,  turbulence,  eddy  breakup  and  PDF 
elements. 

Ballal  described  in  Paper  23  a  study  intended  to  predict  the 
lean  limit  of  a  practical  gas  turbine  combustor  by  using  test 
data  from  a  simplified  research  combustor,  and  several  com¬ 
bustion  models  were  compared  for  accuracy  of  their 
prediction  of  lean  blowout.  While  lean  blowout  was  corre¬ 
lated  with  partially  stirred  reactor  theory,  and  Swithenbank’s 
dissipation  gradient  approach  offered  a  possibility  of  an  a  pri¬ 
ori  calculation  for  the  research  combustor,  it  was  found  that 
the  flame  characteristic  at  lean  blowout  in  the  research  com¬ 
bustor  was  different  than  that  in  the  engine  combustor, 
making  a  general  prediction  “challenging". 

An  experimental  study  with  a  small  can  combustor  has  been 
conducted  by  Dini  (Paper  25 )  to  assess  the  advantages  of  the 


use  of  hydrogen  us  a  fuel  for  small  gas  turbines.  These  could 
be  used  in  automobiles,  helicopters  and  even  turboramjets. 
His  tests  included  the  use  of  hydrogen  and  air,  hydrogen,  oxy¬ 
gen  and  steam,  and  hydrogen,  natural  gas  and  air,  The  first 
combination  results  in  higher  NOx  unless  run  lean,  the  sec¬ 
ond  gives  no  NOx,  and  the  third,  called  "Hythane",  produces 
low  NOx.  When  steam  is  used,  a  closed  cycle  is  preferred,  and 
the  hydrogen  and  oxygen  should  be  stored  in  liquid  form. 

Two  papers  discussed  the  absolute  neces  ,itv  of  combustor 
test  rigs. 

Rosfjord  (Paper  26)  described  a  unique  test  facility  to  assess 
the  tolerance  of  a  fuel  staged  combustor  to  rapid  changes  in 
air  and  fuel  flows,  with  the  resultant  fuel  flow  redistribution 
which  occurs  in  the  system.  Both  slow  and  snap  accelerations 
and  decelerations  plus  cyclic  operation  can  be  programmed 
by  the  control  computer.  Sectors  of  operating  annular  com¬ 
bustors,  of  fuel  systems  or  of  combustor  components  can  be 
tested. 

Afterburner  test  rigs  at  Fiat,  discussed  bv  Riccardi  et  al. 
(Paper  27),  demonstrated  that  where  very  high  gas  tempera¬ 
tures  may  cause  important  mechanical  integrity  problems, 
analytical  computer  codes  are  not  completely  satisfactory, 
making  development  test  rigs  mandatory.  Well  defined  design 
practices  are  also  not  sufficient.  Fiat  has  found  (as  have  other 
companies)  that  water  analogue  test  rigs  are  inexpensive,  very 
fast  and  easy  to  use,  and  will  give  at  least  a  qualitative  descrip¬ 
tion  of  the  flow  patterns  within  the  test  unit.  The  same  perspex 
models  used  in  the  water  rig  can  be  used  in  a  simple  airflow  rig 
to  measure  pressure  drops  and  flow  coefficients.  Fiat  also 
uses  sector  combustion  rigs  for  measurement  of  altitude  per¬ 
formance.  and  then  finally  uses  full  scale  afterburner  test  rigs 
prior  to  engine  testing.  They  claim  that  these  rigs  give  reliable 
results  at  lower  cost  than  the  detailed  CFD  codes  required 
plus  the  powerful  computers  needed  to  operate  them. 

Doerr  and  Hennecke  (Paper  39)  reported  on  a  very  nice 
experimental  programme  to  determine  the  best  way  to  mix  in 
the  quench  zone  of  a  Rich-Quick  Quench  Lean  combustor 
design.  The  major  conclusions  were  that  there  is  an  optimum 
momentum  flux  ratio,  and  opposing  jets  should  not  impact  on 
one  another.  The  spacing/hole  diameter  ratio  should  be 
small,  and  it  is  best  if  the  jets  are  staggered.  Increasing  pres¬ 
sure  drop  does  not  necessarily  help  much.  The  programme  is 
now  being  enlarged  to  include  the  effects  of  orifice  size,  shape 
and  number.  Hassa  (Paper  41 )  measured  droplet  and  gas  vel¬ 
ocities  in  a  cylindrical  combustor  fed  by  an  airblast  atomizer 
with  a  corotating  swirl.  He  showed  a  high  speed  video  which 
illustrated  that  the  flame  was  intermittent  and  ragged,  even  at 
stoichiometric.  In  this  combustor,  a  considerable  amount  of 
drop  vaporization  occurred  before  combustion,  with  about 
85%  evaporating  within  45mm,  before  luminous  flames 
could  be  seen.  The  SMD  of  the  sptay  tended  to  increase  with 
distance  downstream,  since  the  smaller  droplets  evaporate  so 
quickly. 

Jeckel  and  Wittig  (Paper  42)  described  the  research  combus¬ 
tor  installed  at  Karlsruhe  for  extended  benchmark 
measurements.  It  is  a  jet  stabilized  combustor,  and  measure¬ 
ments  of  time  averaged  velocity,  temperature  and  species 
show  that  the  three  dimensional  effects  caused  by  the  turbul¬ 
ence  in  this  combustor  are  of  major  significance.  A  different 
type  of  research  combustor  was  described  by  Vermeulen 
(Paper  43),  in  which  primary  air  jets  were  acoustically  con¬ 
trolled  to  increase  mixing.  The  pattern  factor  was  thereby 
improved  by  up  to  20%,  without  an  appreciable  change  in 


pressure  loss,  The  major  reason  for  the  improvement  was 
increased  flow  blockage  caused  by  the  acoustically  increased 
jet  penetration.  At  higher  load  levels  there  was  a  lesser,  unfor¬ 
tunately  unexplained,  pattern  factor  improvement. 

7.  CONCLUSIONS  AND  EVALUATION  OF  THE 
MEETING 

The  8 1  st  HEP  Symposium  and  the  coincident  panel  meetings 
were  attended  by  1 16  delegates  from  13  NATO  countries  and 
from  three  non-NATO  countries.  This  is  u  decrease  from  the 
last  Combustion  Symposium  (PEP  70)  held  in  Crete,  appar¬ 
ently  caused  by  the  depressed  economic  condition  in  much  of 
the  world.  Nonetheless,  the  papers  were  of  good  quality  and 
elicited  considerable  discussion,  both  forma)  and  informal. 
The  resulting  information  exchange  among  the  combustion 
experts  at  the  Symposium  added  significantly  to  its  value.  The 
papers  contained  considerable  new  information  and  some 
authors  printed  out  failures  and  shortcomings  in  their  inves¬ 
tigations.  plus  limitations  inherent  in  their  results, 
demonstrating  a  frankness  which  added  greatly  to  the  under¬ 
standing  of  the  subjects.  It  is  clear  that  we  are  far  from  being 
able  to  design  a  satisfactory  combustor  without  a  develop¬ 
ment  programme,  but  that  programme  can  be  shorter  now 
than  two  decades  ago,  when  combustor  modelling  was  in  its 
infancy. 

The  subjects  covered  in  the  Symposium  were  planned  to  help 
combustor  designers  understand  the  combustion  phenomena 
which  will  occur  under  future  engine  operating  conditions, 
and  to  suggest  approaches  to  overcome  the  many  design  diffi¬ 
culties  which  arc  being  and  will  he  encountered.  The 


Symposium  met  its  objective  of  .eviewing  progress  made  in 
modelling  pollutant  formation  and  combustor  performance 
and  design,  high  temperature  fuel  systems  and  fuel  atomiza¬ 
tion,  and  combustor  research  on  phases  of  combustor 
operation.  The  questions  and  discussions  on  these  subjects 
were  a  significant  addition  to  the  papers  themselves,  and  these 
questions  are  included  in  this  Symposium  volume.  The  dele¬ 
gates  appreciated  the  coordination  of  the  meeting  by  the 
Propulsion  and  Energetics  Panel,  and  by  the  Programme 
Committee  and  the  AGARD  staff. 

8.  RECOMMENDATIONS  FOR  FUTURE  MEETINGS 

Future  combustion  Symposia  should  primanly  feature  sub¬ 
jects  connected  with  emissions  reduction,  particularly  for 
aircraft  operation  at  high  altitude,  at  high  flight  Mach  num- 
bci.i,  and  with  advanced,  high  pressure  ratio  engines.  These 
should  include  both  advancements  in  emissions  modelling 
and  in  understanding  of  the  combustion  and  post  combustion 
reactions  involved,  as  well  as  descriptions  of  low  and  ultra  low 
NOx  combustor  designs,  both  successful  and  unsuccessful, 
particularly  if  combustor  models  have  been  used  effectively  in 
their  designs.  Staged  combustors  would  he  of  particular  inter¬ 
est.  Secondly,  subjects  dealing  with  advanced,  high  pressure, 
high  temperature  rise  combustors  should  be  featured,  includ¬ 
ing  the  performance  of  fuel  injection  systems  using  hot  fuel. 
This  should  also  include  advanced  ignition  and  wall  cooling 
techniques  plus  experience  gained  with  advanced  high  tem¬ 
perature  combustor  materials.  In  short,  reports  on  progress  in 
meeting  the  combustor  design  and  performance  goals 
described  in  this  Symposium  should  he  the  subjects  for  the 
next  Symposium. 


Table  I 

Major  subjects  contained  in  the  category 
Design  goals  and  technology  overview 


No. 

Authors 

Major  subject 

Keynote 

Schumann 

Gas  turbine  emission  data  —  atmospheric  effects 

Emission  reduction  objectives  —  some  approaches 

1. 

Clouser, 

Kamin 

Military  (IHPTET)  combustor  objectives.  Status.  Review  of  design  difficulties  and  possibilities 

2 

Lowrie 

Emission,  noise,  durability  needs  for  advanced  SST 

16. 

Biddle. 

Croswell 

Goals  for  high  temperature  fuel  and  fuel  system  development  for  advanced  fighter  aircraft 

Table  II 

Major  subjects  in  the  category 
Pollutant  formation  and  emissions 


Pollutant 

Models, 

1 

Bench 

-  *  ' 

Comb 

Emissions 

formation 

analysis 

tests 

tests 

3. 

Dupont,  et  al. 

X 

X 

4 

Djavdan,  et  al. 

X 

X 

7 

Alizadeh,  Moss 

X 

X 

8. 

Carvalho,  et  al. 

X 

X 

22. 

Santavicca,  et  al. 

X 

X 

24. 

Andrews  etal. 

X 

X 

28. 

Drennan,  et  al. 

X 

29. 

Segalman,  et  al. 

X 

X 

30. 

Meunier,  et  al. 

X 

32 

Tilston,  et  al. 

X 

X 

X 

33. 

SalvA,  Lopez 

X 

X 

Table  III 

Major  subjects  in  the  categoi  y 

High  temperature  fuel  and  fuel  systems 

Authors 


Peloche,  Asensio 
Edwards,  et  al. 
Katta,  et  al. 
Stickles,  et  al. 
McCaldon,  et  al. 
lanovsky 


Fuel  Systems 


Hardware 


Table  IV 

Major  subjects  in  the  category 
Fuel  atomization 


Authors 


34. 

Perez-Ortiz,  et  al. 

35. 

Mularz,  et  al. 

36 

Hebrard,  et  al. 

37 

Wiitig,  Hallmann 

38. 

Whitlow,  Lefebvre 

Sprays,  Models 


Sprays,  Tests 


Injector  Design 


Injector  Tests 


Table  V 

Major  subjects  in  the  category 
Combustor  research  —  modelling,  design  and  operation 


No. 

Authors 

Combustor 

Models 

Combustor 

Design 

Combustor 

Pert. 

Combustor 

Tests 

Combustor 
Test  rigs 

10. 

Maidhof,  Janicka 

X 

11. 

Ci  Martino,  et  al. 

X 

12. 

Mongia 

X 

X 

X 

14. 

Hu,  Prociw 

X 

X 

15. 

Dejeu,  et  al. 

X 

23. 

Ballal,  et  al. 

X 

X 

X 

X 

25. 

Dini 

X 

X 

X 

26. 

Rosfjord,  Cohen 

X 

X 

X 

27. 

Riccardi,  et  al. 

X 

X 

39. 

Doerr,  Hennecke 

X 

X 

41. 

Hassa,  et  al. 

X 

X 

X 

42. 

Jeckel,  Wittig 

X 

X 

43. 

Vermeulen,  et  al. 

X 

X 

X 
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ON  THE  EFFEL.  OF  EMISSIONS  FROM  AIRCRAFT  ENGINES 
ON  THE  STATE  OF  THE  ATMOSPHERE 

U.  Schumann 


Deutsche  Forschungsanstalt  fur  Luft-  und  Raumfahrt  (DLR) 
Instltut  fur  Physik  der  Atmosphere 
D-8031  Oberpfaffenhofen,  Germany 


ABSTRACT 

Emissions  from  aircraft  engines  Include  carbon  dioxide, 
water  vapour,  nitrogen  oxides,  sulphur  components  and 
various  other  gases  and  particles.  Such  emissions  from 
high-flying  global  civil  subsonic  alrtrafflc  contribute  to 
anthropogenic  climate  changes  by  Increase  of  ozone 
and  cloudiness  In  the  upper  troposphere,  and  by 
enhanced  greenhouse  effect.  The  absolute  emissions  by 
alrtrafflc  are  small  (a  few  percent  of  total)  In  comparison 
to  surface  emissions.  However,  the  greenhouse  effect 
of  emitted  water  and  of  nitrogen  oxides  at  cruise  alti¬ 
tude  Is  large  in  comparison  to  that  of  the  same  emis¬ 
sions  near  the  earth's  surface  because  of  relatively 
large  residence  times  at  flight  altitudes,  low  background 
concentrations,  low  temperature,  and  large  radiative 
efficiency.  At  present,  It  appears  that  the  emissions  of 
nitrogen  oxides  have  changed  the  background  concen¬ 
tration  in  the  upper  troposphere  in  between  40°N  and 
60°N  by  100  %,  causing  an  increase  of  ozone  by  about 
20  %.  Regionally  (he  observed  annual  moan  change  in 
cloudiness  is  of  order  0.4  %.  The  resultant  greenhouse 
effect  of  changes  in  ozone  and  thin  cirrus  cloud  cover 
causes  a  climatic  surface  temperature  change  of  the 
order  0.01  to  0.1  K  These  temperature  changes  are 
small  In  comparison  to  the  natural  variability.  Recent 
research  indicates  that  the  emissions  at  cruise  altitude 
may  Increase  the  amount  of  stratospheric  aerosols  and 
polar  stratospheric  clouds  and  thereby  may  have  an 
impact  on  the  atmospheric  environment,  to  an  yet 
unknown  degree.  Alrtrafflc  Is  increasing  by  about  5  to  6 
%  per  year,  fuel  consumption  grows  by  about  3  %  per 
year.  Moreover,  the  climatic  changes  due  to  alrtrafflc 
enhance  other  environmental  problems  originating,  e  g., 
from  anthropogenic  carbon  dioxide  or  methane  emis¬ 
sions.  Hence,  alrtrafflc  induced  emissions  are  of  grow¬ 
ing  Importance.  This  calls  for  the  development  of  effi¬ 
cient  and  low-emission  propulsion  systems  and  other 
means  to  reduce  the  emissions.  This  paper  surveys  the 
state  of  knowledge  and  describes  several  items  of 
results  from  recent  and  ongoing  research. 


1.  Introduction 

Until  fairly  recently,  the  environmental  effects 
resulting  from  aircraft  exhaust  emissions  have  been  a 
minor  item  In  the  general  debate  on  the  environment. 
However,  the  growing  awareness  on  global  climate 
changes  has  brought  about  a  discussion,  especially  in 
Europe  and  North  America,  and  aircraft  emissions  are 
now  perceived  as  a  far  more  relevant  issue  than  a  dec¬ 
ade  ago  (CAEP  1991).  Because  of  the  large  residence 
time,  low  background  concentrations  and  large  radiative 
sensitivity,  the  main  concern  comes  from  the  present 


alrtrafflc  near  and  above  the  tropopause,  polewards  of 
40°  latitude.  The  most  important  emissions  are  those  of 
nitrogen  oxide,  water  vapour,  and  sulphur  dioxide.  In 
particular,  emissions  of  nitrogen  oxides  at  high  altitudes 
are  considered  to  have  possibly  marked  effects  on  the 
formation  or  destruction  of  ozone,  depending  on  depo¬ 
sition  altitude.  Also  discussed  are  the  contributions 
from  water  vapour  emissions  on  cloudiness  and  climate 
change.  More  recently,  In  view  of  our  understanding  of 
the  origin  of  the  Antarctic  “ozone  hole"  (WMO,  1991), 
the  potential  effect  of  chemical  reactions  on  the  surface 
of  particles  (heterogeneous  reactions)  originating  from 
water,  sulphur  or  soot  emissions  are  gaining  Increasing 
attention. 

In  the  early  1970s,  concern  about  the  potential 
effects  of  emissions  from  a  proposed  fleet  of  supersonic 
transport  (Johnston  1971,  Crulzen  1372)  caused  an 
extensive  study  (CIAP  1975).  Partly  because  of  the  out¬ 
come  of  this  study  but  mainly  because  of  economical 
reasons  It  was  decided  at  that  time  that  such  a  fleet  of 
SST  should  not  be  built.  Recently  there  has  been 
renewed  interest  in  the  development  of  faster  aircraft  for 
International  passenger  flight.  The  question  how  far 
such  a  system  is  environmentally  acceptable  triggered 
a  High-Speed  Research  Program  by  NASA  In  1990 
(Watson  et  al.  1990,  Johnston  et  al.  1991,  Douglass  et  al. 
1991,  Prather  et  at.  1992).  In  Germany,  the  environ¬ 
mental  impact  of  a  hypersonic  space  transport  system 
SANGER  was  Investigated  and  shown  to  be  small  by 
BrOhl  et  al.  (1991)  and  Grafll  et  al.  (1991).  In  1S90,  an 
International  Colloquium  provided  an  oveiview  on  the 
state  of  knowledge  with  respect  to  the  Impact  of  global 
alrtrafflc  on  the  atmosphere  (Schumann  1990).  Since 
then,  several  related  research  programs  have  been  Ini¬ 
tiated  In  Europe  (see  Dunker,  1993).  This  paper  surveys 
the  knowledge  In  this  quickly  evolving  research  area. 

Nitrogen  oxide  NO,  (NO  -1  N02)  plays  a  ma|or  role  in 
the  chemistry  of  tropospheric  ozone.  In  regions  of  high 
NO,  concentrations,  a  photochemical  sequence  Initiated 
by  the  reaction  of  methane  (CH,)  and  carbon  monoxide 
(CO)  with  hydroxyl  (OH)  leads  to  ozone  (Oj)  production 
while  In  regions  of  low  NO,  concentrations,  such  as  over 
ocean  areas,  the  reaction  of  CH,  and  CO  with  OH  initi¬ 
ates  a  sequence  that  destroys  03  (Isaksen  and  Hov  1987; 
Crutzen  1988).  Hence,  added  NO,  enhances  ozone  in  the 
free  troposphere.  In  the  stratosphere,  NO,  as  HO,  and 
In  particular  CIO,  tend  to  deplete  ozone.  As  shown  by 
Hidalgo  and  Crutzen  (1977),  Johnston  et  al.  (1989)  and 
others,  using  ID  models,  NO,  emissions  enhance  ozone 
depletion  above  about  12  to  14  km  but  produces  ozone 
below  that  level,  see  Fig.  1  (Douplass  et  al.  1991). 
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Injection  of  NO,  by  alrtrafflc  In  the  stratosphere  may 
reduce  the  efficiency  of  the  HO,  and  CIO,  catalytic 
cycles  by  the  homogeneous  formation  of  HN03  and 
CIONOj,  Hence,  emissions  of  nitrogen  oxide  frnm  elr- 
trafflc  has  the  potential  to  reduce  ozone  destruction 
caused  by  Increasing  levels  of  chlorofluorocarbons,  but 
Johnston  et  al  (1989)  found  that  this  effect  Is  small  for 
present  levels  of  CIO.  However,  the  previous  models 
Ignored  the  potential  Impact  of  heterogeneous  reactions 
on  the  surface  of  stratospheric  aerosols  and  polar  stra¬ 
tospheric  clouds  (PSCs)  (Crutzen  and  Arnold  1986, 
Brasseur  et  al.  1990,  Brasseur  1992,  Oranler  and  Bras- 
seur  1992,  McElroy  et  al  1992). 

The  stratospheric  aerosol  layer  contains  droplets  of 
aqueous  sulphuric  acid  solution  (about  75  weight  % 
H,SO,)  In  the  absence  of  sunlight,  NO,  gets  converted 
Into  the  reservoir  gas  N,Os.  The  haterogeneous  reaction 

N2Os  (gas)  I  H20  (liquid)  >  2  HNOj  (gas)  (1) 

on  the  sulphate  aerosol  surface  converts  N,Os  and 
thereby  NO,  Into  the  less  reactive  nitric  acid.  Hence,  this 
reaction  is  likely  to  reduce  the  ozone  depletion  effect  of 
NO, -emissions  from  high  flying  airtraffic  (Rodriguez  et 
al.  1991,  Kinnlson  and  Wuebbles  1991,  Bekki  et  al  1991, 
Weisenstein  et  al.  1991) 

Polar  stratospheric  clouds  (PSCs)  are  believed  to 
consist  of  either  H,0 -I'  tO,  (NAT  =  nitric  acid  trlhydrate 
or  metastable  nitric  acid  dlhydrate)  or  H,0  particles, 
Type  I  and  Type  II  PSCs,  respectively  (Hanson  and 
Mauersberger  1988,  Hanson  1992).  Type  I  PSCs  can 
form  at  higher  temperature  than  Type  II  PSCs.  The 
threshold  temperature,  T(NAT),  below  which  NAT  Aer¬ 
osols  can  exist  (In  equilibrium)  ranges  from  about  206 
K  at  10  km  altitude  to  about  191  K  at  25  km  (Schlager 
et  al.  1990)  Because  T(NAT)  Is  markedly  larger  than  the 
threshold  temperature  of  water  Ice  existence  (by  about 
1  K  at  10  km  altitude  and  by  about  12  K  near  25  km 
altitude).  Type  II  PSCs  are  more  prevalent  and  thus  can 
have  a  greater  effect  on  the  atmosphere  Heterogeneous 
reactions  on  the  surface  of  such  PSCs  may  convert 
CIONO,  and  HCI  to  reactive  CIO,  which  possibly 
destroys  ozone.  PSCs  also  form  a  sink  for  NO,  which 
otherwise  moderates  the  ozone  destruction  cycles 

The  region  where  NAT  particles  can  be  formed 
increases  with  decreasing  temperature,  increasing 
humidity  and  increasing  concentration  of  HN03  (Peter 
et  al.  1991,  Hofmann  and  Oilmans  1992,  Arnold  et  al. 
1991')  Increases  in  CO,  concentrations  may  cause  cool¬ 
ing  of  the  lower  stratosphere  and  more  PSCs  and  hence 
more  ozone  depletion,  In  the  Antarctic  and  eventually 
also  in  the  Arctic  (Austin  et  al.  1992).  Hence,  aircraft 
emissions  may  also  enforce  ozone  destruction  In  the 
coldest  regions  of  the  stratosphere  The  overall  conse¬ 
quences  of  such  heterogeneous  reactions  have  not  yet 
been  investigated  in  detail  with  respect  to  emissions 
from  present  subsonic  airtraffic, 

Over  the  industrialized  continents,  one  has  observed 
a  strong  increase  of  tropospheric  ozone  by  about  2 
%/yr,  see  e  g.  Fig.  2  and  Wege  (1992).  Volz  and  Kley 
(1988)  deduced  more  than  a  doubling  In  comparison  to 
the  preindustrial  era.  This  trend  is  consistent  with 
Increases  of  nitrogen  oxide  (Logan  1985;  BrOhl  and 
Crutzen  1988).  In  the  stratosphere,  Fig.  2  shows  a 
reduction  of  ozone  of  about  0.5  %/yr  (Wege  1992).  Also 


Fig  1.  Ozone  formation  from  the  smog  reactions  based 
on  methane  and  nitrogen  oxides  (45n  latitude,  spring) 
(Douglass  et  at.  1991). 


satellite  measurements  of  total  column  amount  of  ozone 
show  a  decrease  of  stratospheric  ozone  by  about  0  5  to 
0.8  %/yr  near  50°N  (Stolarskl  et  al.  1991). 

The  changes  In  the  ozone  concentration  have  envi¬ 
ronmental  effects  because  ozone  Is  a  greenhouse  gas 
(Lacls  et  al.  1990)  and  Is  Important  for  the  production  of 
OH  which  is  responsible  for  the  removal  of  greenhouse 
gases  (e  g.,  methane)  and  other  pollutants  (Crutzen  and 
Zimmermann  1991).  Moreover,  the  ozone  layer  protects 


Hoh« 

(km) 


Fig  2.  Annual  mean  profiles  of  ozone  partial  pressure 
In  nbar  versus  altitude  in  km  for  the  years  1968  to  1992 
at  HohenpelBenberg,  Southern  Germany,  (provided  by 
Meterol.  Observatory  Hohenpeiftanberg,  see  also  Wege 

1S32) 
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the  biosphere  from  the  UV  radiation,  but  Increased  tro¬ 
pospheric  ozone  may  also  cause  damage  to  both  animal 
and  plant  life. 

The  other  potentially  important  emission  Is  that  of 
water  vapour,  mainly  because  of  Its  direct  or  indirect  (by 
cloud  forming  processes)  impact  on  the  radiation  budg¬ 
et  of  the  atmosphere.  It  Is  known  that  thin  cirrus  clouds 
of  large  ice  particles  in  the  upper  troposphere  at  low 
and  mid  latitudes  act  to  enhance  the  “greenhouse 
effect."  An  Increase  In  cirrus  cloud  coverage  by  a  few 
percent  might  have  the  same  effect  as  a  doubling  of  the 
amount  of  CO-  (Llou  1986:  Liou  et  al.  1990).  Contrails 
from  aircraft  enhance  the  appearance  of  high-level 
clouds  (Schumann  and  Wendllng  1990). 

The  purpose  of  tHs  paper,  which  evolved  from  that 
presented  by  Schumann  and  Reinhardt  (1901),  Is  to 
review  the  present  knowledge  on  the  Impact  of  high-fly¬ 
ing  civil  subsonic  airtrafflc  on  the  atmosphere  In  terms 
of  environmental  and  climatic  aspects.  The  paper 
excludes  effects  of  airtrafflc  In  the  vicinity  of  airports. 

2.  Airtrafflc  and  emissions 

Global  airtrafflc  of  scheduled  services  has  grown 
from  940  •  10’  passenger-km  In  1978  to  almost 
1700  •  10*  passenger-km  In  1988,  45  %  of  the  total  being 
International  traffic  (NilBer  and  Schmitt  1990).  The  non- 
scheduled  traffic  adds  about  170  •  10*  passenger-km  for 
the  year  1988.  The  annual  growth  rate  In  the  decade 
between  1978  and  1988  was  6.1  %.  ICAO  expects  pres¬ 
ently  an  increase  of  worldwide  scheduled  passenger 
traffic  at  an  annual  growth  rate  of  about  4  %  for 
domestic  traffic  and  6  %  for  International  traffic  In  the 
years  until  2001,  with  the  strongest  Increase  (up  to  8,5 
%/yr)  for  international  traffic  in  the  Asia/Pacific  region. 

Data  by  the  International  Energy  Agency  of  1991,  see 
Fig  3,  show  that  the  world  demand  of  aviation  fuel 
increased  from  117  Ml  (Million  tons)  in  'he  year  1977  to 
167  Mt  in  the  year  1989,  i.e.  by  about  3  %  per  year. 
Hence,  the  Increase  rate  In  terms  of  fuel  consumption  is 
roughly  half  the  rate  of  passenger  transport  perform¬ 
ance  Egli  (1990)  estimated  176  Mt  for  1990.  Kavanaugh 
(1988)  estimates  that  commercial  jets  burn  about  70  % 
of  ail  jet  fuel,  military  jets  consume  24  %  and  business 
and  turbu-props  the  remainder  6  %.  These  numbers  are 


Fig.  3.  Aviation  fuel  versus  time.  Data  up  to  1989  from 
the  Internationa!  Energy  Agency  (1991).  Extrapolations 
according  to  Kavanaugh  (1988)  with  2.2  %  per  year  in 
a  low  fuel  scenario  and  with  3.6  %  up  to  2000  and  2.9 
%  thereafter  in  a  high  fuel  scenario. 


roughly  consistent  with  Information  from  G.  J.  Bishop, 
Shell  International  Petroleum  Co.,  London  (personal 
communication  1991),  rsporllng  jet  fuel  consumption  by 
civil  airlines  In  the  western  world  In  1990  of  approxi¬ 
mately  125  Mt  and  estimating  an  additional  military  part 
of  25  %  of  the  civil  volume.  No  reliable  figures  exist  for 
the  former  eastern  bloc  countries.  For  the  future,  Kava¬ 
naugh  (1988)  estimates  the  |et  fuel  use  to  grow  by  2.2 
%  annually  from  the  year  1990  to  2025  in  a  “tow  fuel 
estimate"  scenario,  but  to  grow  3.6  %  per  year  from 
1990  to  2000  and  then  moderates  to  2.9  %  in  a  "high 
fuel  estimate,"  depending  on  various  assumptions. 
These  estimates  Imply  Increases  by  a  factor  of  1 .4  to  1 .6 
In  2005  and  by  2.1  to  2.9  in  the  year  2025  relative  to 
1990. 

Hence,  although  airtrafflc  will  Increase  strongly,  a 
doubling  In  fuel  consumption  should  not  be  expected 
before  20  years  from  now.  However,  It  appears  reason¬ 
able  that  most  of  the  Increase  will  be  related  to  high 
flying  long-distance  traffic.  The  lower  increase  of  fuel 
consumption  when  compared  to  the  increase  In  the 
number  of  passenger-kins  is  related  to  Increases  In  the 
fuel  efficiency  of  aircraft.  Within  the  last  30  years,  the 
specific  fuel  consumption  per  passenger-km  decreased 
by  about  45  %  (Simon  1988). 

When  the  fuel  Is  burned  with  air  in  the  jet  engines, 
the  exhaust  gases  cause  emissions  Into  the  atmosphere. 
For  complete  combustion,  the  emissions  would  contain 
mainly  carbon  dioxide  (CO,)  and  water  vapour  (H,0). 
Tho  emission  index  (emitted  mass  of  pollutant  per  unit 
mass  of  fuel)  for  these  emissions  depend  solely  on  the 
stolchiochemical  composition  of  the  keroslne  fuel.  The 
carbon  content  is  about  66  %  by  mass.  The  mean 
molecular  weight  Is  164  (Prather  et  al.,  1992,  p.  98). 
Other  emissions  of  much  smaller  amount  are  nitrogen 
oxides  (NO.)  of  varying  composition  (NO,  fraction 
decreasing  from  18  %  at  Idle  to  less  than  5  %  at  more 
than  30  %  engine  power  setting,  according  to  Spicer  et 

al.  1990),  carbon  monoxide  (CO),  hydrocarbons  (HC), 
and  soot  particles  (mainly  carbon)  and  other  particles 
acting  as  condensation  nucleus  (CN)  for  cloud  forma¬ 
tion.  One  distinguishes  between  CN  and  CCN  (cloud 
condensation  nuclei),  where  the  latter  form  cloud  nuclei 
at  small  supersaturation  (less  than  1  %),  whereas  CN 
require  large  supersaturation.  Pltchford  et  al.  (1991) 
measured  large  concentrations  of  CN  of  up  to 
300.000  cm  ’  In  the  exhaust  plume  of  a  Sabreliner,  with 
an  emission  Index  of  soot  in  between  0.001  and  0.03 
g(soot)/kg(fuel).  They  found,  moreover,  that  background 
particles  are  much  more  active  as  CCN  than  exhaust 
particles  of  the  same  size  (ratio  of  CCN  to  CN  less  than 
1  %),  but  Whltefield  el  al.  (1993)  found  that  30  to  40  % 
of  the  combustion  aerosols  generated  In  laboratory 
burners  can  be  considered  as  CCN.  Most  of  the  aer¬ 
osols  in  jet  exhausts  are  found  to  have  diameters  in 
between  0.01  and  0.1  urn  (Pltchford  et  al.  1991;  Hagen 
el  al.  1992). 

As  a  minor  emiss  on,  the  exhaust  contains  sulphur 
dioxide  (SO,)  because  aviation  fuel  Is  allowed  to  contain 
up  to  0.3  weight  percent  (wt%)  of  sulphur  (IATA  Guid¬ 
ance  material  for  avi  ition  turbine  fuels,  Amendment  No. 
1,  14  Nov.  1988,  International  Air  Transport  Association, 
Montreal,  Canada)  According  to  Shell,  London  (per¬ 
sonal  communication  1991),  fuels  can  vary  from  very 


K-4 


low  sulphur  contents  ( <  0.01  wt%).  It  they  have  been 
manufactured  by  a  hydroprocessing  route,  to  levels 
around  0.2  wt%  It  they  have  been  chemically  processed. 
From  1978  to  1991,  the  average  sulphur  content  In  fuel 
samples  was  in  between  0.050  and  0.055  wt%  (Dickson 
et  al.  1989,  1992)  with  very  few  samples  exceeding  0.1 
wt%.  In  an  analysis  of  53  Jet-A  fuel  samples  the  average 
sulphur  content  was  0.042  wt%  (Prather  et  al.  1992).  As 
confirmed  by  Shell,  the  average  sulphur  content  of  Jet 
fuel  worldwide  is  around  0.04  to  0.05  wt%:  resulting  In 
0.8  to  l  g  SO,  per  kg  burned  fuel. 

Very  little  Information  exists  on  the  composition  of 
the  HC  The  standard  method  of  exhaust  analysis  for 
organic  compounds  Is  only  a  measure  of  "total 
unburned  hydrocarbons"  as  measured  by  a  flame  Ion¬ 
ization  detector.  The  specific  compounds  are  of  interest 
because  the  exhaust  organics  vary  substantially  in  their 
chemistry.  Such  organic  compounds  may  be  important 
In  converting  NO,  Into  reservoir  gases,  and  in  contrib¬ 
ution  to  ozone  formation,  in  particular  in  the  strato¬ 
sphere  Any  technical  development  leading  to  reduced 
NO,  emissions  might  lead  to  increasing  amounts  of 
unburned  hydrocarbons.  Spicer  et  al.  (1990)  review 
earlier  investigations  and  report  about  measurements  in 
the  exhaust  of  two  military  engines,  the  F101,  used  on 
B  IB  aircraft,  and  the  F1 10.  used  for  F-16C  and  FI6D 
aircraft  They  found  that  much  of  the  HC  consists  of 
methane,  part  of  which  enters  the  engine  with  the  com¬ 
busted  air.  in  particular  for  low  power  settings.  The 
content  of  NMHC  (non-methane  hydrocarbons  within  the 
HC).  mainly  alkanes,  decreases  with  the  load  factor  of 
the  engine  The  organic  compounds  in  the  two  engines 
reached  up  to  1  44  g/kg  fuel  In  the  idle  state  and 
decreased  below  0  2  g/kg  fuel  at  power  settings  above 
63  % 

For  NO,,  published  emission  indices  vary  consider¬ 
ably.  This  is  mainly  due  to  the  fact  that  measured  emis¬ 
sion  indices  are  obtained  for  surface  pressure  condi¬ 
tions  while  the  emissions  at  cruise  height  are  much 
smaller.  Presently,  measurements  In  altitude  test  cham¬ 
bers  are  underway  to  determine  these  differences.  Giv¬ 
en  values  of  the  emission  index  in  g(NO,)/kg(fuel)  are 
10.9  (Kavanaugh  1988),  9  3  around  8  km  and  14.4  for 
long-range  cruise  at  altitude  between  10  and  11  km  (Ko 
et  al.  1992,  the  differences  reflect  different  mixes  of  air¬ 
craft),  116  (Johnson  et  al.  1992,  Mclnnes  and  Walker 
1992),  15  (Reichow  1990).  and  18  (Egli  1990,  Beck  et  al 
1992)  based  on  the  data  compiled  by  Lecht  et  al.  (1986) 
Even  larger  variations  are  found  with  respect  to  emis¬ 
sion  Indices  tor  CO:  14.6  (Johnson  and  Henshaw  1391), 
4  (Reichow  1990),  and  0.7  to  2.5  (NOfler  and  Schmitt 
1990).  based  on  Lufthansa  estimates.  For  HC  the  vari¬ 
ations  are  0  05  to  0.7  (NiiRer  and  Schmitt  1990),  1.5 
(Reichow  1990).  and  2.6  (Johnson  and  Henshaw  1991). 
With  respect  to  soot  the  numbers  are  0.007  to  0  03 
(NuBer  and  Schmitt  1991)  and  0.014  (Reichow  1990). 

Deidewig  (1992)  evaluated  the  emissions  for  the  air¬ 
craft  types  B737-300,  B737-500,  A310-300  and  B747-400, 
propelled  by  the  engines  CFM56-3  and  CF6-80C2.  For 
various  iypical  missions,  he  computed  the  emissions  of 
NO,,  CO,  and  HC  in  the  atmosphere  along  the  flight 
route.  For  the  B747-400,  his  results  are  repeated  in  Figs 
4  and  5  We  see  that  the  emission  indices  of  NO,  vary  In 
between  8  and  12  at  cruise,  where  In  between  31  %  and 
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Fig.  4  Calculated  emission  Indices  of  a  B747-400  with  a 
CF6  engine  at  take/off  (T/O),  during  climb,  cruise  and 
descent,  for  NO,,  CO,  and  HC  (from  Deidewig,  1992) 
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Fig  5.  Percentage  NO.  emissions  of  a  B747  400  with  a 
CF6  engine  during  take/off  (T/O),  climb,  cruise  and 
descent  (from  Deidewig,  1992) 


74  %  of  the  total  NO,  emissions  take  place  Larger  spe¬ 
cific  emissions  occur  In  the  other  parts  of  the  routes, 
which  are  important  in  particular  for  short  range  mis¬ 
sions.  Note  that  this  analysis  applies  to  a  specific  set  of 
engines  with  NO,  emission  indices  that  are  lower  than 
average 

Hoinka  et  al  (1993)  recently  analysed  the  traffic  over 
the  North  Atlantic  in  the  region  shown  in  Fig.  6.  I.e. 
between  10°W  and  60°W  and  45°N  and  65°N  Based  on 
data  of  the  Civil  Aviation  Authority  (CAA),  they  found 


Fig  6.  Map  of  the  Northern  Atlantic  showing  the  area  for 
which  Hoinka  et  al.  (1993)  performed  an  analysis  of 
traffic  and  tropopause  statistics.  The  dots  (squares) 
indicate  land  (ship)  stations  where  radiosondes  are 
launched  twice  a  day 
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that  on  average  512  aircraft  per  day  (sum  of  both 
direct'ons)  passed  that  region  during  the  period  from 
1989  to  1991.  Based  on  the  fleet  composition  as  given 
by  the  CAA  and  estimates  tor  the  Individual  engines 
used  (from  Lecht  et  al.  1986),  they  determine  the  total 
emissions  and  fuel  consumptions  from  which  one 
obtains  the  following  average  emission  Indices  for  the 
whole  fleet:  17,5  for  NO,,  0.6  for  HC,  and  1.5  for  CO.  The 
amount  of  fuel  used  by  the  average  aircraft  In  that 
region,  with  an  average  flight  path  length  of  2730  km, 
amounts  to  32.4  t. 

Based  on  the  various  sources  and  arguments.  Table 
1  contains  what  we  believe  are  best  estimates  of  emis¬ 
sion  indices.  They  are  meant  to  apply  for  long-distance 
cruise  conditions.  The  table  also  contains  an  estimate 
of  present  (as  of  1990)  emissions  from  airtraffic.  In  this 
table,  the  most  important  uncertainty  is  that  of  NO, 
emissions  (which  are  quantified  as  if  all  emissions  were 
NO,),  for  which  we  have  selected  the  upper  bound  of  the 
various  estimates. 
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Fig.  7.  Source  of  NO,  due  to  air  traffic  emissions  at  an 
altitude  of  about  12  km  (at  pressure  level  190  hPa)  in  the 
T21  grid  version  of  the  ECHAM  code  (I.  Kdhler.  DLR) 
The  contours  correspond  to  emissions  of  1,  5  and  10  in 
units  of  10  "kg(NO,)/(kg(air)  s).  The  emissions  exceed 
10  such  units  within  the  black  areas. 


3.  Soma  relevant  properties  of  the  atmosphere 


With  respect  to  the  spatial  distribution  of  the  emis¬ 
sions,  previous  estimates  have  been  compiled  in  Schu¬ 
mann  and  Reinhardt  (1991),  Ko  et  al.  (1992)  and  Beck 
et  al.  (1992).  These  data  are  not  repeated  here,  because 
several  studies  are  in  progress  with  the  objective  to 
produce  a  refined  data  base. 

As  a  preliminary  result  from  these  studies,  a  3D  data 
bass  of  emissions  has  been  provided  by  Mclnnes  and 
Walker  (1992).  These  data  still  contain  considerable 
uncertainty  because  the  data  are  based  on  a  traffic  sta¬ 
tistics  for  scheduled  flights  and  cargo  only.  Hence,  the 
resultant  fuel  consumption  accounts  for  only  about  50 
%  ot  the  total  fuel  consumption.  The  results  have  been 
scaled  by  the  factor  2  to  get  an  estimate  of  the  total 
emissions.  This  Inventory  is  presently  used  as  test  input 
for  3C  atmospheric  computations  within  the  protect 
AERONOX  (Dunker,  1993)  For  Illustration  purpose,  Fig. 
7  shows  the  distribution  of  the  source  of  NO.-emissions 
per  unit  volume  and  unit  time  at  an  altitude  of  about  12 
km  (190  hPa).  We  see  clearly  that  the  sources  at  this 
altitude  are  large  in  particular  along  the  main  flight  cor¬ 
ridors  between  the  northern  continents  with  peaks  over 
North  America,  Europe  and  the  North  Atlantic. 


The  concentrations  which  result  from  the  emissions 
are  the  larger  the  larger  the  product  of  emission  rate 
and  residence  time  and  the  smaller  the  mass  of  atmos¬ 
phere  over  which  the  emissions  get  dispersed.  (Mass 
specific  concentrations  are  converted  to  volume  specific 
concentrations  by  multiplication  with  the  molecular 
weights  M,  -  44,  18,  46,  18,  64,  and  29,  of  the  individual 
gases  CO,,  H,0,  NO,,  CO,  SO,,  and  air,  respectively). 
Hence,  the  concentration  change  can  be  estimated  from 

volumetric  concentration  change  = 
emission  rate  ■  residence  time  •  Malr  (2) 

mass  of  atmosphere  ■  M, 

The  residence  time  and  the  relevant  mass  of  atmos¬ 
phere  depend  strongly  on  the  emission  altitude  and  on 
the  manner  by  which  the  emitted  quantities  get  mixed 
and  removed  from  the  atmosphere. 

As  described  in  Brasseur  and  Solomon  (1986),  Fabi¬ 
an  (1992)  and  others,  the  atmosphere  is  structured  Into 
various  layers.  The  lower  troposphere  contains  roughly 
80  %  of  the  mass  of  the  atmosphere.  In  the  troposphere, 
the  temperature  decreases  with  height  (the  potential 


Emission 

Emission  index 
(g  pollutant  per 
kg  fuel) 

Emission  rate 
1990  in  Mt/yr 

Comparable 
emissions  in 
Mt/yr 

Comparable  emissions  source 

Refer¬ 

ence 

Fuel 

1000 

176 

3140 

Total  consumption  of  petrol 

1 

CO, 

3150 

554 

20900 

Burning  of  fossil  fuels 

2 

H,0 

1260 

222 

45 

Methane  oxidation  in  the  stratosphere 

3 

525000 

Evaporation  from  earth  surface 

4 

NO,  (as  NO,) 

18  (7-20) 

3.2 

2.9  ±  1.4 

Flux  from  stratosphere 

5 

90  ±  35 

All  anthropogenic  sources 

5 

CO 

1.5  (1.5-10) 

0.26 

600  ±  300 

CH«  oxidation 

6 

1490 

All  anthropogenic  sources 

7 

HC 

0.8  (0.2-3) 

0.1 

90 

Anthropogenic  emissions  at  the  earth's 

8 

surface 

Soot  (C) 

0.015  ±  0.014 

0.0025 

SO, 

1  (0.02-6) 

0.176 

0.0625 

Rate  required  to  sustain  background  aer¬ 

9 

osol  In  the  lower  stratosphere 

134 

Total  from  fossil  fuel  combustion 

10 

Table  1.  Estimated  emission  rates  and  comparison.  Best  estimate  emission  indices  are  listed  together  with  the  present 
range  of  uncertainty  in  brackets.  The  corresponding  emissions  are  given  in  units  of  Mt/yr  (lO^g  yr  ').  References 
for  comparable  emissions:  (1):  International  Energy  Agency  (extrapolated  from  3095  Mt/yr  for  1989).  (2):  German 
Bundestag  (1991),  p.  151  (5.7  ■  10*  t  C  /yr  In  1987  from  anthropogenic  sources).  (3):  German  Bundestag  (1991),  p.  156, 
(4):  p.  147,  (5):  p.  170,  (6):  p.  168,  (7):  p.  168.  (8):  Hough  (1991).  (9):  Hofmann  (1991).  (10):  Hameed  and  Plgnon  (1992). 
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temperature  increases  slightly)  so  that  this  layer  Is  only 
weakly  stably  stratified.  In  this  range,  vortical  mixing  is 
quite  strong  and  cloud  systems  contribute  to  deposition 
of  soluble  quantities  Above  the  troposphere,  i.e.  above 
the  tropopause,  within  the  stratosphere,  the  temperature 
increases  with  height.  Therefore,  this  layer  Is  stably 
stratified  with  much  weaker  vertical  mixing.  As  a  con¬ 
sequence  of  these  properties  and  of  the  conversion  Into 
soluble  forms,  nitrogen  oxides  have  a  residence  time  of 
the  order  of  1  to  4  days  in  the  troposphere  For  Inert 
tracers  emitted  Into  the  stratosphere,  the  residence  time 
quickly  increases  with  height  above  the  tropopause  and 
reaches  values  in  excess  of  one  year  (Fabian  1992).  For 
the  present  airtraffic  at  altitudes  below  13  km,  the  resi¬ 
dence  time  Is  probably  below  6  months  (see  Fig.  8,  tak¬ 
en  from  Bruhl  et  al.  1991).  The  altitude  of  the  tropopause 
Is  highly  variable  from  day  to  day  and  from  season  to 
season  (Hoerling  et  al  1993,  Hoinka  et  al.  1993).  It 
amounts  on  average  to  about  8  km  over  the  polar 
regions  and  to  about  16  km  at  the  equator  Hence,  the 
residence  times  of  aircraft  emissions  depend  strongly 
on  whether  the  aircraft  flies  above  or  below  the  tropo¬ 
pause. 

The  residence  time  depends  also  strongly  on  the 
latitude  because  the  lower  stratosphere  exhibits  mean 
rising  motion  near  the  equator  and,  to  first  approxi¬ 
mation,  mean  sinking  motion  elsewhere  (Plumb  and 
Mahlman  1987),  and  because  of  strong  tropospheric- 
stratospheric  exchange  at  mid-latitudes  (Vaughan  1988, 
Ebel  1991,  Appenzeller  and  Davies  1992,  Rood  et  al. 
1992,  Hoerling  et  nl  1993).  The  polar  jet  stream  is 
Important  because  of  sinking  motion  (of  order  50  to  500 
m  per  day)  near  or  poleward  of  its  core  and  rising 
motion  on  its  equatorward  side  (Mahlman  1973,  Schoe- 
berl  et  al  1992)  Hoerling  et  al.  (1993)  diagnose  the 
cross  tropopause  mass  flux  globally  for  January  1979 
They  find  that  the  mass  flux  from  the  troposphere  to  the 
stratosphere  in  between  50°N-70°N  Is  as  Intense  as  that 
over  the  tropics,  while  the  same  flux  is  rather  small  over 
the  poles  This  suggests  that  material  deposited  in  the 
stratosphere  or  near  the  tropopause  poleward  of  the  jet 
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Fig  8  Height  dependend  residence  time  in  the  strato¬ 
sphere  In  units  of  months,  deduced  from  radioactive 
tracers  (from  Bruhl  et  al.  1991) 


core  would  have  shorter  residence  time  than  material 
Injected  equatorwaro  of  the  (et  core, 

Jackman  et  al  (1991)  show  that  ozone  depletion  from 
NO,  injections  of  stratospheric  supersonic  aircraft,  as 
computed  in  2D  models,  depends  strongly  on  the  stra¬ 
tospheric/tropospheric  exchange  rate  by  the  mean  cir¬ 
culation.  The  computed  ozone  loss  gets  reduced  when 
the  exchange  rate  is  Increased. 

Reichow  (1990)  estimates  that  Lufthansa  consumes 
about  17  to  20  %  of  the  fuel  above  the  tropopause 
However  details  of  this  estimate  have  not  been  pub¬ 
lished  Havllk  (1988)  analyzed  radiosonde  data  for  the 
year  1970  for  00  and  12  UTC.  He  determined  the  height 
of  the  tropopause  (i.e.  the  lowest  altitude  above  which 
the  vertical  temperature  gradient  was  above  -2  K/kin 
over  an  interval  of  at  least  2  km).  From  his  data  one  can 
determine  how  often  an  aircraft  at  250  hPa  or  about 
33000  ft  (10.8  km)  flies  above  the  tropopause.  We  found 
that  most  of  the  flights  north  of  50°N  occur  within  the 
stratosphere  according  to  these  data.  Ko  et  al  (1992) 
use  zonally  averaged  climatologies  and  estimated  the 
fuel  use  in  the  stratosphere  for  the  1987  subsonic  fleet 
assuming  an  average  flight  altitude  of  37000  ft.  They 
conclude  that  48  %  of  the  1987  northern  hemisphere 
fuel  burn  occurs  in  the  stratosphere  and  52  %  in  the 
troposphere,  with  strong  seasonal  variations.  These 
numbers  are  likely  to  change  when  more  accurate 
emission  Inventories  become  available  (see  also  Hoinka 
et  al.  1993,  and  chapter  5). 

4.  Global  concentration  change*  due  to  present 
aircraft  emissions 

Table  1  lists  the  emitted  masses  of  various  pollutants 
and  gives  other  emission  rates  for  comparisons.  We  see 
that  nearly  6  %  of  all  petrol  Is  used  for  aviation.  This  is 
quite  a  large  number.  However,  because  of  many  other 
sources,  it  contributes  only  2.6  %  of  all  CO,  from  burn¬ 
ing  of  fossil  fuels.  The  water  vapour  emission  rate  from 
aircraft  is  very  small  (0.04  %)  in  comparison  to  the 
amount  of  water  which  gets  evaporated  from  the  sur¬ 
face.  However,  it  represents  a  large  source  when  com¬ 
pared  to  the  amount  of  water  vapour  released  into  the 
stratosphere  by  methane  oxidation. 

Table  2  gives  an  overview  on  various  sources  of 
NO,  Aircraft  cause  the  only  direct  anthropogenic  emis 
slons  in  the  upper  troposphere  Here  other  sources  are 
those  from  lightning  and  stratospheric  downward  flux 
Note  that  there  is  much  disagreement  regarding  the 
source  of  NO,  from  lightning  (Jacob  1991),  and  this 
represents  an  important  uncertainty  (Beck  et  al  1992). 
The  upward  flux  from  surface  emissions  will  be  large 
only  over  the  continents,  in  cyclones,  and  in  the  tropics 
where  strong  convective  events  transport  the  pollutants 
from  the  surface  quickly  up  Into  the  upper  troposphere 
(Ehhalt  and  Drummond  1988)  The  aviation  emissions 
are  large  in  comparison  to  the  flux  of  NO,  from  the 
stratosphere  into  the  troposphere 

The  aviation  contribution  to  all  anthropogenic  NO, 
sources  is  about  3  %  The  emissions  from  airtraffic  grow 
faster  than  the  other  anthropogenic  emissions  which 
increases  the  relative  Importance  of  emissions  from 
airtraffic  For  example,  the  global  emissions  of  nitrogen 
from  fossil  fuel  combustion  increased  from  18  Mt  N/yr 
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prod¬ 

uct 

Rosi 

dence 

tine 

Emission 
rate  In 

Mt/yr 

Mean  con¬ 
centration 
Increase 

Backgiound 
cone  at  14 
km 

CO, 

10  yr 

111 

1.4  ppmv 

354  ppmv 

H,0 

0  5  yr 

44 

0.07  ppmv 

5  20  ppmv 

NO, 

0  5  yr 

0  83 

0  4  ppbv 

0  .2-0.5  ppbv 

SO, 

0  5  yr 

16  pptv 

Tabl*  3.  Concentration  Increase*  due  tc  aviation  emli- 
alone  mixed  oxer  the  northern  stratosphere. 


Emission 

Ehhalt  and 
Drummond 
(1988) 

Penner 
el  al. 

(1991) 

Hough 

(1991) 

German 

Bundes¬ 

tag 

(1991),  p. 
170 

Fossil  fuel 
burning 

13.1  to  28.9 

224 

21 

20  ±  7 

Biomass 

burning 

5  6  to  16.7 

5.8 

8 

7  ±3 

Soil  microbi¬ 
al  activity 

1  to  10 

10 

5 

12  ±6 

NH,  oxida¬ 
tion 

1.2  to  4.9 

3  +  2 

Lightning 

discharges 

2  to  8 

3 

8 

5  +  3 

Flux  from 
stratosphere 

0  3  to  0  9 

1.0 

1.0  ±  0.5 

Table  2.  Global  sources  of  nitrogen  oxide  and  their 
strengths.  In  units  of  Mt  (N)/yr  (10’'g  N  yr  ’).  14  kg 
N  s  46  kg  NO,.  For  1986,  Hameed  and  Dlgnon 
(1992)  estimate  the  total  emissions  from  fossil  fuel 
combustion  to  be  24  Mt  (N)/yr. 

in  1970  to  24  Mt/yr  in  1986,  i.e  al  a  rate  of  18  %/yr 
(Hameed  and  Dignon,  1992)  Obviously,  various 
reduction  measures  with  respect  to  emissions  at  the 
earth  surface  (e  g  from  car  traffic)  become  effective 
(Amann  1990) 

The  amount  of  emitted  HC  appears  to  be  small  in 
comparison  to  anthropogenic  sources.  Also  the  CO 
contributed  from  aviation  is  very  small  in  comparison  to 
the  budget  of  CO  It  reaches  only  0  03  %  of  all  anthro¬ 
pogenic  sources.  The  CO  concentration  may  get 
reduced  In  spite  of  the  aircraft  emissions;  this  is  caused 
by  a  greater  oxidation  of  CO  due  to  enhanced  concen¬ 
trations  of  OH  as  shown  by  Beck  et  al  (1992) 


Emis¬ 

sion 

prod¬ 

uct 

Resi 

dence 

time 

Emission 
rate  in 

Mt/yr 

Mean  con¬ 
centration 
increase 

Background 
cone  at  8  km 

CO, 

10  yr 

443 

0  7  ppmv 

354  ppmv 

H,0 

S  d 

177 

0.002  ppmv 

20  400  ppmv 

NO, 

4  d 

2  5 

4  1  pptv 

10  50  pptv 

5  d 

0  14 

0  21  pptv 

30-150  pptv 

Table  4.  Concentration  Increases  due  to  aviation  emis¬ 
sions  mixed  over  the  whole  troposphere. 


particles  over  the  1979  1990  period  Sulphote  particles 
generated  from  SO,  may  also  contribute  to  nucleation 
particles  (Arnold  et  al  1992)  Whltefield  et  al  (1993)  find 
a  positive  correlation  between  sulphur  content  and  CCN 
efficiency  of  particles  formed  in  jet  engine  combustion 


The  absolute  amount  of  soot  induced  by  aircraft  into 
the  atmosphere  is  certainly  much  smaller  than  those 
from  other  sources.  Moreover,  this  class  of  emissions 
has  been  reduced  already  considerably  in  the  past. 
However,  soot  contributes  significantly  to  the  CN  con¬ 
centration  in  the  lower  stratosphere  (Pitchford  et  al 
1991) 

The  emission  of  sulphur  from  aviation  is  much 
smaller  than  from  surlace  emissions  and  negligible  in 
terms  of  the  resultant  acid  rain  or  so  but  may  be  impor¬ 
tant  if  emitted  at  high  altitudes.  Hofmann  (1991)  reported 
observations  which  Indicate  an  increase  of  non-volcanlc 
stratospheric  sulphate  aerosol  of  about  5  %  per  year 
He  suggests  that  If  about  1/8  of  the  Northern  Hemi¬ 
sphere  alrtraffic  takes  place  directly  in  the  stratosphere 
and  if  a  small  fraction  of  other  emissions  above  9  km 
would  enter  the  stratosphere  through  dynamical  proc¬ 
esses  then  the  jet  fleet  appears  to  represent  a  large 
enough  source  to  explain  the  observed  increase  He 
calls  for  the  use  of  aviation  fuel  which  is  essentially 
sulphur  free.  On  the  other  hand,  Bekki  and  Pyle  (1992) 
conclude  from  a  model  study  that  although  aircraft  may 
represent  a  substantial  source  of  sulphate  below  20  km. 
the  rise  in  alrtraffic  Is  Insufficient  to  account  for  the 
observed  60  %  increase  in  large  stratospheric  aerosol 


Tables  3  and  4  show  equilibrium  concentrations 
which  are  computed  using  Eq.  (2).  Here,  we  follow  Fabi 
an  (1990)  who  presented  similar  estimates  Note  that 
these  computations  neglect  any  chemical  transforma¬ 
tions  In  Table  3,  we  present  an  update  of  such  compu 
tations  for  the  stratosphere  assuming  that  1/5  of  the  fuel 
(total  176Mt/yr)  is  burned  within  1/10  (I.e.  only  the 
northern  stratosphere)  of  the  atmosphere's  mass  of 
53  •  10"  Mt  total  (Fabian  1990)  The  residence  times  and 
background  concentrations  are  as  estimated  in  Schu 
mann  and  Reinhardt  (1991).  For  the  troposphere.  Table 
4,  It  Is  assumed  that  80  %  of  all  fuel  Is  burned  and  dis 
tributed  over  4/5  of  the  atmosphere's  mass  (i  e  below 
200  hpa) 

The  contributions  ot  emissions  from  airtraffic  are 
obviously  significant  with  respect  to  NO,  The  changes 
may  reach  10  to  100  %  of  the  background  concen 
tratlons  both  ir.  the  upper  troposphere  and  also  in  the 
lower  stratosphere,  even  when  the  emissions  are 
assumed  to  be  mixed  over  such  large  volumes  Also, 
the  contribution  of  airtraffic  to  SO,  Is  significant  In  this 
global  mixing  analysis,  in  particular  in  the  lower  strato 
sphere  On  the  other  hand,  such  calculations  show  a 
rather  small  effect  from  emitted  water  vapour  l  arger 
effects  are  to  be  expected  regionally 


K-H 


3.  Traffic,  dispersion  end  concentration  changes  over 
tho  Northern  Atlantic 

Ouclos  et  al  (1991)  recently  reported  «  North  Atlan¬ 
tic  traffic  analysis  using  actual  traffic  data  as  provided 
by  the  CAA,  and  presented  forecasts  fnr  the  years  up  to 
<'010.  Fig  9  shows  the  annual  number  of  aircraft  move¬ 
ments  over  the  North  Atlantic  in  the  past  and  as  esti¬ 
mated  for  the  future.  We  see  that  these  numbers 
increased  from  120000  In  the  year  1976  up  to  206100  in 
1990  and  the  study  predicts  about  356000  movements  In 
the  year  2005.  This  corresponds  to  about  560  aircraft 
movements  per  day  at  present  Increasing  to  nearly  1000 
In  2005. 
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Fig.  9.  From  Duclos  et  al.  (1991):  North  Atlantic  traffic 
forecasts  showing  aircraft  movements  1976  to  2010.  The 
extrapolations  apply  for  various  traffic  scenarios 

As  mentioned  before-,  Hoinka  et  al.  (1993)  also  ana 
lysed  the  traffic  in  the  region  depicted  in  Fig  6  In 
addition  they  determined  the  height  of  the  tropopause 
from  weather  analysis  data  as  provided  by  the  European 
Centre  for  Medium  Range  Weather  Forecasts  (ECMWF) 
in  Reading  By  correlating  both  data  sets,  they  found 
that  about  44  %  of  all  fuel  is  burned  above  the  tropo¬ 
pause  in  the  stratosphere,  and  56  %  in  the  troposphere 
in  that  region  In  February,  the  stratospheric  part 
reaches  about  75  %. 


HIGH  *  BASE  »  LOW 


Fig  10  Forward  trajectories  of  emission  products  along 
a  North  Atlantic  eastbound  jet  aircraft  track  from  New 
York  (JFK)  to  Frankfurt  (FRA)  on  June  20,  1991  at  flight 
level  10  km  Dotted  line  =  flight  track,  thick  arrowed 
curves  =  horizontal  trajectory  for  24  hours,  for  day  1 
after  release  The  thin  trajectory  curves  extend  up  to 
three  days  The  symbols  at  the  trajectories  mark  time 
intervals  of  12  hours  Computed  with  the  Europa  model 
of  the  DWD  (German  Weather  Service).  (Schumann  and 
Reinhardt  1991) 


Schumann  and  Reinhardt  (1991)  reported  about  tra- 
lectory  analyait  of  emissions  which  are  emitted  along 
the  path  of  an  airliner,  according  to  Lufthansa  flight 
dispatch  data  and  meteorological  data  from  the  German 
Weather  Service,  see  Fig.  10  for  example.  A  statistical 
analysis  of  the  results,  see  Fig.  11  (D.  Helmann,  DLR, 
personal  comm.,  1991),  shows  that  the  standard  devi¬ 
ation  <7  In  the  vertical  amounts  to  0,729  km  at  time  of 
tracer  release  (due  to  variation  In  flight  altitudes),  0.860 
km  after  12  hours.  1  014  km  after  one  day  and  1.194  km 
after  2  days.  The  north-south  standard  deviations  are 
496,  638,  854,  1303  km  after  0,  12,  24  and  48  hours, 
respectively.  This  corresponds  to  mean  diffusion  coeffi¬ 
cients  K  »  0.5<V/<1f  of  2.8  m’a  1  in  the  vertical,  and 
4.6  km’s  '  In  north-south  direction.  The  related  vertical 
dispersion  extends  from  about  9  to  11  km  within  the  first 
day,  l.e.  over  about  2  km.  Hence,  the  emissions  from 
this  and  the  other  flights  at  the  same  day,  which  take 
various  routes  staggered  over  about  500  to  800  km  (at 
20°W)  In  north-south  direction  (Schumann  and  Rein¬ 
hardt  1991),  become  distributed  over  the  flight  corridor 
with  a  typical  cross-section  of  about  1000  to  1500  km  in 
latitude  and  about  2  km  in  height  along  a  distance  of 
ordor  5000  km.  The  tracer  results  indicate  also  that  res¬ 
idence  times  In  excess  of  several  days  are  unlikely  for 
emissions  near  the  tropopause. 

Based  on  these  analysis,  the  mean  concentration 
increase  is  estimated,  see  Table  5,  assuming  an  air  vol¬ 
ume  of  1000  km  x  5000  km  x  2  km  with  an  air  density  of 
0  35  kgm  J.  and  a  residence  time  of  1  day  for  all  emis¬ 
sions  which  come  from  500  aircraft  consuming  60  t  of 
fuel  each  In  this  corridor.  The  latter  number  corre 
sponds  to  the  previously  given  mean  fuel  consumption 
per  distance  as  estimated  by  Holnka  et  al.  (1993). 
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Fig  11  Particle  positions  as  released  along  the  40  air¬ 
craft  tracks  In  June  1991  after  24  hours  dispersion  along 
the  trajectories,  compufed  using  the  Europa  model  of 
the  DWD  The  plots  show  the  distribution  in  a  horizontal 
plane  (upper  panels)  and  a  vertical  west-east  plane 
(lower  panels)  (D  Heimann,  DLR,  1991). 


(Schumann  and  Reinhardt  (1991)  assumed  100  t  of  fuel 
per  5000  Km.  and  obtained  larger  concentrations,  there¬ 
fore) 


Emission 

product 

Mean  concen¬ 

tration  Increase 

Background  cone, 
at  8  km 

CO, 

0.02  ppmv 

354  ppmv 

HjO 

0  02  ppmv 

20-400  ppmv 

NO. 

97  pptv 

10-50  pptv 

[«j 

9 

4  pptv 

30-150  pptv 

Table  S.  Concentration  surplus  in  the  North  Atlantic 
flight  corridor  due  to  air  traffic  exhaust  emis¬ 
sions  from  500  aircraft  conaumlng  M  t  of  fuel 
per  5000  km  mixed  over  a  corridor  cross-sec¬ 
tion  of  1000  km  width  and  2  km  height. 
(Assumed  residence  time  «  t  day  within  corri¬ 
dor  (or  all  emitted  gases.) 

One  finds  that  the  concentration  change  of  NO,  in  the 
flight  corridor  can  be  considerably  larger  than  the 
background  concentration  value.  The  mean  concen¬ 
tration  increase  in  SO,  is  still  appreciable.  On  the  other 
hand,  the  effect  from  emitted  water  vapour  is  small. 
These  emissions  may  become  important  only  for  flight 
corridors  with  long  residence  times  in  the  lower  strato¬ 
sphere  where  the  background  concentration  can  be  as 
small  as  3  ppmv 

Fig  12  snows  the  Increase  in  NO,  as  computed  with 
the  global  circulation  climate  model  ECHAM  (Cubasch 
et  al  ,  1992)  using  the  NO,  source  distribution  as  Illus¬ 
trated  in  Fig  7,  and  a  sink  corresponding  to  a  residence 
time  of  5  days  (I  Kohler,  DLR.  personal  comm.,  1993). 
It  should  be  stressed  that  these  results  are  preliminary 
and  are  used  here  for  illustration  purpose  only.  The 
picture  shows  a  zonal  cross-section  along  45°W,  i.e. 
through  the  Northern  Atlantic  flight  corridor.  The  maxi¬ 
mum  concentration  computed  In  this  plane  amounts  to 
150  pptm  =  95  pptv.  In  view  of  the  various  assumptions, 
this  value  is  surprisingly  close  to  the  simple  corridor 
estimate  given  in  Table  5.  The  simulations  show  that  the 
emissions  from  the  flight  corridors  over  the  North 
Atlantic  are  mixed  rather  quickly  downwards  into  the 
mid  troposphere  There  is  relatively  little  transport 

«os  ans  o  30N  son 


Fig  12.  Increase  of  NO,  due  to  air  traffic  emissions  as 
computed  by  the  ECHAM-T21  -model  in  a  zonal  plane  at 
45°W  as  a  function  of  latitude  and  height  (in  pressure 
units)  The  contours  range  from  10  to  130  with  intervals 
of  30  in  units  of  10  l?kg(NO,)/kg  (air)  (From  I.  Kdhler, 
DLR,  1993). 


upwards  but  some  transport  northwards  Into  the  lower 
stratosphere  over  the  Arctic.  In  the  troposphere  one 
finds  some  mixing  in  north-south  direction.  The  direct 
Impact  of  airtraffic  emissions  to  nitrogen  oxides  In  the 
Southern  Atlantic  appears  to  be  very  small.  More 
refined  simulations  are  under  pregrass. 

The  simple  corridor  estimate  Is  also  approximately 
consistent  with  the  analysis  of  Ehhalt  et  al.  (1992)  who 
used  a  2D  model  to  study  the  zonal  distribution  of  NO,. 
The  model  Includes  vertical  transport  in  the  form  of 
eddy  diffuslvlty  and  deep  convection,  zonal  transport  by 
a  uniform  mean  wind,  and  a  simplified  chemistry  of  NO, 
NO,,  and  HNO,.  The  model  distinguishes  between  the 
contributions  from  various  emissions  sources  and  is 
applied  to  the  latitude  band  of  40°N  to  50°N  during  the 
month  of  July.  The  model  predictions  of  NO  compare 
quite  well  with  experimental  observations.  Ehhalt  et  al. 
(1992)  conclude  that  aircraft  emissions  contribute  on 
average  30%  to  NO,  concentration  In  the  upper  tropo¬ 
sphere.  The  contribution  is  high  in  particular  over  the 
North  Atlantic,  see  Fig.  13.  Table  5  suggests  an  even 
larger  percentage  contribution  which  might  be  caused 
by  differences  in  the  assumed  rate  of  emissions. 


Fig.  13.  Vertical  mixing  ratio  profiles  of  NO  over  the 
western  North  Atlantic  (top)  and  over  continental  Europe 
(bottom).  The  different  shadings  indicate  the  contrib 
utlons  from  the  Individual  sources.  The  black  part 
defines  the  contribution  from  aircraft  emissions.  From 
Ehhalt  et  al.  (1992). 


B.  Concentration  change  in  the  wake  of  an  airliner 

The  processes  In  the  aircraft  wake  control  the  for¬ 
mation  of  contrails,  the  formation  of  soot  and  sulphur 
particles,  and  determine  the  composition  of  emissions 
as  becoming  effective  for  the  global  scale 

The  aircraft  wake  can  be  conveniently  subdivided 
into  three  regimes  (ClAP  1975):  the  jet,  the  vortex,  and 
the  dispersion  regimes.  These  regimes  correspond  to 
the  flow  dynamics  that  control  the  structure  and  growth 
of  the  wakes  in  the  subsequent  time  interval.  In  the  jet 
regime,  the  engine  effluents  are  Initially  confined  to 
Individual  exhaust  jets  At  the  end  of  the  jet  regime,  the 
jets  merge  and  are  entrained  In  the  roll-up  vortex.  The 
following  vortex  regime  persists  until  the  vortices  get 
unstable  (Crow  1970)  and  brake  up  into  a  less  ordered 
configuration.  Thereafter,  the  dispersion  regime  follows, 


In  which  further  mixing  Is  Influenced  by  atmospheric 
shear  motions  and  turbulence  Also  buoyancy  from  the 
jet  exhaust  heat  or  from  differential  heating  by  radiation 
In  contrails  may  contribute  to  this  mixing. 

Using  simple  analytical  models  (Mlake-Lye  1993),  for  a 
B-74 7,  Gerz  (DLR,  personal  comm.,  1993)  estimates  that 
in  the  jet  regime  the  effective  cross-section  of  mixing 
grows  within  10  s  from  about  3  m?  near  the  four  engine 
exits  to  about  3600  to  5400  m}  ai  the  end  of  the  jet 
regime.  In  the  following  vortex  regime,  which  lasts  for 
about  2  to  3  minutes,  the  cross  section  of  tho  trailing 
vortex  pair  grows  to  about  21000  to  52000  m}.  The  lift  of 
the  aircraft  causes  downward  motion  of  the  double  vor¬ 
tex  structure  at  about  2.3  ±  0.2  ms  The  theory  of  the 
Crow  (1970)  instability  predicts  a  wavelength  of  the  most 
unstable  mode  of  approximately  400  m  The  distance 
between  the  cores  of  the  two  trailing  vortices  (for  an 
elliptical  wing)  amounts  to  about  46  m.  However,  very 
little  data  are  available  to  verify  these  estimates. 

In  order  to  estimate  the  vertical  motion  and  lateral 
dimensions  of  the  vorlex  structure  behind  an  aircraft, 
Baumann  et  al.  (1993)  measured  the  structure  of  con¬ 
trails  during  the  vorlex  regime  as  produced  by  a  civil 
airliner.  The  measurements  have  been  made  by  remote 
sensing  from  ihe  Falcon  research  aircraft  of  tho  DLR 
flying  about  1200  m  above  and  behind  civil  airliners  at 
cruise  altitude.  Due  to  its  lower  speed,  the  horizontal 
distance  between  the  observed  aircraft  and  the  Falcon 
increases  with  time.  The  actual  distance  has  been  esti¬ 
mated  from  Radar  observations  and  the  time  of  meas¬ 
urement.  The  contrail  is  observed  from  above  by  a  Lldar 
system  and  by  a  video  camera.  The  Lldar  emits  laser 
light  pulses,  determines  the  distance  of  the  backscat- 
tering  contrails  and  the  amount  of  light  backscattered 
from  the  particles  within  the  contrails.  Using  data  on  the 
actual  position  of  the  Falcon,  these  lldar  signals  are 
used  to  determine  the  altitude  and  lateral  structure  of 
the  contrails. 

Fig.  14  shows  the  measured  altitude  of  a  contrail 
versus  the  distance  behind  the  airliner.  In  this  case  the 
contrail  was  induced  by  a  B  747-200,  flying  at  about 
10 .65  km  altitude  and  a  true  airspeed  of  about  225  ms  ' 


over  Southern  Germany  (49°N,  12°E),  on  12:24:40  to 
12:30:08  UTC  April  9,  1991,  heading  310°.  The  contrail 
was  clearly  visible  lor  a  distance  of  more  than  15  km 
behind  the  aircraft.  At  a  distance  of  about  7  km,  the 
contrail  becomes  unstable  by  showing  oscillating 
motions,  These  observations  are  documented  by  a  vid¬ 
eo  in  addition  to  the  Lldar  data.  Fig.  14  shows  that  the 
contrail  sinks  at  an  average  speed  of  2.4  I  0,6ms 
amounting  to  about  120  m  over  a  distance  of  11.2  km,  In 
Ideal  agreement  with  the  above  mentioned  theoretical 
estimate.  Virtually  the  same  values  (120  m  over  12  km 
distance)  have  been  observed  for  the  contrail  of  a  DC- 
10. 

Fig.  15  shows  the  integrated  backscatter  signal,  as  a 
function  of  the  cross-track  coordinate,  4.4  km  behind  the 
B  747-200.  The  lateral  distance  between  the  two  vortex 
cores  of  the  contrail  Is  Indicated  by  the  distance 
between  the  two  backscatter  maxima.  It  amounts  to  42 
m  in  this  figure.  The  diameter  of  each  of  the  two  vortex 
cores  forming  Ihe  contrail  Is  defined  by  the  distance 
between  the  positions  where  the  backscatter  signal 
reaches  50  %  of  the  maximum  value,  giving  14  m  (left) 
and  11.5  m  (right)  for  this  case.  Table  6  lists  the  results 
for  various  distances  behind  the  airliner.  Again  the 
measurements  are  In  close  agreement  with  the  analyt¬ 
ical  estimate  of  46  m.  Table  6  shows  that  the  lateral  dis¬ 
tance  between  the  vortex  cores  is  close  to  constant  until 
about  5.7  km  behind  the  B  747,  but  then  starts  to  oscil¬ 
late  at  a  wavelength  of  the  order  400  m,  as  expected  for 
the  Crow  instability. 
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14 
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Table  6.  Measured  scales  of  a  contrail  of  a  B  747-200. 
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Fig.  14  Altitude  of  contrail  of  a  B  747-200  versus  dis¬ 
tance  (approximately  proportional  to  time  of  measure¬ 
ment),  from  Baumann  et  al.  (1993). 


Fig.  15.  Lateral  structure  of  the  contrail  at  4  4  km  behind 
a  B  747-200,  as  indicated  by  the  Integrated  backscatter 
signal  per  Laser  shot  versus  cross-track  position  In  m, 
from  Baumann  et  al.  (1993). 


K-  II 


Emission  product 

Concentration 

Increase 

Background  con¬ 
centration  at  8 
km 

CO, 

14  ppmv 

354  ppmv 

H,0 

14  ppmv 

20-400  ppmv 

NO.  (NO,) 

78  ppbv 

0.01-0.05  ppbv 

CO 

17  ppbv 

40-100  ppbv 

SO, 

3.1  ppbv 

0.03-0.15  ppbv 

Table  7.  Mean  concentration  Increases  In  trail  after  airlin¬ 
er  Jet. 

Table  7  presents  mean  concentrations  in  the  wake  In 
the  young  vortex  regime.  The  computation  assumes  that 
the  alrtiner  consumes  60  t  fuel  per  5000  km  or  12  g/m 
and  that  the  emission  indices  are  as  given  In  Table  1. 
The  resultant  emissions  are  assumed  to  be  evenly  dis¬ 
tributed  over  5000  m3,  as  estimated  above  for  the  end 
of  the  |et  regime  behind  a  B  747.  The  density  of  the 
environmental  air  Is  taken  as  0.35  kg/m3.  The  table  gives 
the  resultant  concentration  increases  and  provides  typ¬ 
ical  order  of  magnitudes  of  environmental  data  for 
comparison.  All  the  listed  concentration  changes  are  of 
measurable  magnitude.  Again  we  find  the  largest  effect 
with  respect  to  NO,  and  SO,.  The  change  In  water 
vapour  concentration  is  rather  small  and  does  not 
explain  why  large  contrails  are  observed  rather  often 
(Schumann  and  Reinhardt  1991). 

In  cooperation  with  MPI  Heidelberg  (F.  Arnold  et  al.) 
and  OLR  (H.  Schlager  et  al.),  measurements  have  been 
performed  using  the  DLR  research  aircraft  Falcon  which 
flew  into  several  trails  of  commercial  aircraft  at  flight 
altitude.  The  dusty  plume  was  dearly  visible  and  the 
wake  turbulence  of  the  airliners  was  still  very  notable, 
so  that  one  was  sure  to  measure  inside  the  plume.  This 
is  corroborated  by  high  resolution  humidity  and  tem¬ 
perature  signals  (R  Busen,  DLR,  personal  comm., 
1993).  Measurements  on  the  abundances  of  the  odd-ni- 


Flg.  16.  Time  plot  of  nitrous  acid  (HNO,)  and  nitric  acid 
(UNO,)  abundances  measured  during  chase  of  a  DC-9 
airliner  at  9.5  km  altitude  and  a  distance  of  2  km.  Peri¬ 
ods  when  the  research  aircraft  was  Inside  the  exhaust- 
trail  of  the  DC-9  are  marked  by  bars.  For  these  periods 
NO  and  NO,  abundances  are  also  given  (from  Arnold  et 
al.  1992) 


trogen  gases  NO,  NO,,  HNO,  and  HNO,  in  the  young  trail 
(trail  age  fp  *  9  s  corresponding  to  a  distance  of  about 
2  km)  of  a  DC-9  airliner  at  9.5  km  attitude  are  reported 
In  Arnold  et  al.  (1992),  as  obtained  using  a  novel  aircraft 
borne  automatic  mass  spectrometer  (AAMAS).  Simul¬ 
taneously,  AAMAS  measured  SO,  and  H,SO«  (Arnold  et 
al.  1993). 

Fig.  16  shows  for  example  the  result  from  a  meas¬ 
urement  of  the  odd-nitrogen  abundances.  The  HNO, 
abundances  increased  from  about  a  background  value 
of  5  pptv  to  a  maximum  of  520  pptv.  Nitric  acid  Is  closely 
correlated  with  nitrous  acid  and  reaches  a  maximum 
abundance  of  460  pptv  in  the  trail  which  exceeds  the 
background  abundanco  (about  40  pptv)  by  a  factor  of  10. 


0  -2  -4 

LOG  PH2o  (mb) 


O  stratosphere  at  20  km  altitude 
•  lower  stratosphere 
O  upper  troposphere 

Fig.  17.  Phase  diagram  of  the  HNO,-H,0  system  as 
obtained  from  laboratory  measurements  of  Hanson  and 
Mauersberger  (1988),  with  symbols  indicating  typical 
conditions  in  the  aircraft  plume  at  various  plume  ages 
(from  0.1  to  100  s)  (small  symbols)  and  in  the  environ¬ 
ment  (large  symbols).  The  water  vapour  concentration 
increases  from  right  to  left.  Tne  diagram  shows  that  the 
atmosphere  tends  to  form  Ice  particles  In  the  tropo¬ 
sphere,  but  NAT  particles  (nitric  acid  trihydrate)  In  the 
lower  stratosphere  and  even  more  in  the  middle  strato¬ 
sphere.  provided  the  temperature  is  as  low  as  Indicated. 
Within  the  aged  plumes,  the  NAT  particles  may  form  at 
higher  temperature  than  In  the  environment.  For  ambi¬ 
ent  temperatures  which  allow  the  existence  of  NAT  par¬ 
ticles,  the  plumes  may  provide  the  supersaturated  con¬ 
ditions  which  are  expected  to  be  required  for  the  initial 
NAT  particle  formation.  Hence,  PSC  formation  is  more 
likely  in  the  plume  of  stratospheric  aircraft  than  in  the 
undisturbed  environment,  mainly  because  of  the  higher 
water  vapour  concentration  in  the  plume  From  Arnold 
et  al.  (1992) 
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Within  the  exhaust  plume  of  the  DC-9,  the  figure  shows 
NO  and  NO,  abundances  up  to  750  and  150  ppbv, 
respectively  These  values  are  considerably  higher  than 
estimated  from  Table  7,  which  Is  presumably  explain¬ 
able  by  the  different  mixing  properties  In  the  wake  of  the 
DC-9,  At  this  distance,  more  than  80  %  of  the  NO, 
emissions  are  composed  by  NO,  and  less  than  0.05  % 
of  the  NO,  emissions  have  the  photochemlcally  less 
reactive  form  of  HNOj.  Also,  the  rather  low  values  would 
hardly  favour  the  formation  of  NAT  particles.  However, 
as  explained  by  Fig  17,  Arnold  et  al.  (1992)  point  out 
that  the  emitted  water  vapour  causes  supersaturated 
conditions  in  the  plume  of  an  aircraft  and  hence  may 
initiate  NAT  particle  formations.  The  formation  of  NAT 
particles  may  contribute  to  ozone  destruction. 
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Fig.  18.  SO,  mixing  ratio  in  the  wake  (trail)  of  a  B  757 
aircraft  (Arnold.  Schlager  et  al.  1991,  personal  commu¬ 
nication). 


Measurements  of  SO,  have  been  performed  in  the 
same  wake  and  in  addition  in  several  further  cases  Fig. 
18  shows,  for  example,  the  results  obtained  behind  a 
B757  aircraft  at  a  distance  of  17.8  km  and  at  an  altitude 
of  11.3  km  The  concentration  reaches  a  maximum  value 
of  about  1  ppbv  The  measured  background  concen¬ 
tration  of  100  pptv  corresponds  to  previous  findings 
(Georgii  and  Meixner  1980).  The  value  is  smaller  than 
estimated  In  Table  7,  which  is  presumably  caused  by  a 
larger  area  of  mixing  at  this  distance.  Moreover,  the 
measurements  show  that  a  large  portion  (of  the  order 
20  %)  of  the  sulphur  Is  converted  into  H,S04.  This  Is  an 
important  finding.  It  suggests  that  jet  aircraft  may  form 
contrails  composed  of  sulphuric  acid  aerosols.  These 
aerosols  do  not  evaporate  after  plume  dissipation 
because,  the  background  atmosphere,  around  10  km,  is 
supersaturated  with  respect  to  liquid  H,S04-H,0.  The 
aerosol  may  provide  CCN  and  sites  for  heterogeneous 
chemical  reactions  of  trace  gases.  Thereby  they  may 
have  an  impact  on  the  atmospheric  environment  (Arnold 
et  al.  1993) 

These  are  the  first  direct  measurements  of  the 
chemical  compositions  in  the  wake  of  an  airliner  at 
cruise  altitude  Douglass  et  al  (1991)  presented  meas¬ 
urements  showing  peaks  in  NO,  and  NO,  but  were  not 
sure  that  these  paaks  result  from  aircraft  emissions 


7.  Effects  of  omitted  nitrogen  oxide 

Only  a  few  studies  of  the  effects  of  impact  of  aircraft 
emissions  on  air  chemistry  are  known.  Most  studies 
concentrated  on  the  effects  from  high  speed  airtrafflc  In 
the  stratosphere  (e  g.  Johnston  et  al.  1989,  Jeckman  et 
al.  1991),  Early  exceptions  are  Isaksen  (1980)  and  Der¬ 
went  (1982)  who  investigated  the  potential  effects  ot  air- 
traffic  operations  in  the  troposphere  using  a  2D  (lati¬ 
tude-altitude)  transport-kinetics  model.  Their  Investi¬ 
gations  were  recently  refined  by  Johnson  et  al  (1992). 
Similar  Investigations  have  been  performed  by  Wueb- 
.blea  and  Klnnison  (1990),  Crutzen  and  Briihl  (1990)  and 
Beck  et  al  (1992).  Up  to  present,  all  studies  neglected 
the  impact  of  heterogeneous  chemistry  for  subsonic 
airtrafflc.  For  illustration,  we  include  Figs.  19  and  20  as 
published  by  Beck  et  al.  (1992)  The  computations  show 
that  aviation  emissions  cause  an  Increase  of  NO,  of 
more  lhan  ICO  %  near  the  tropopause.  This  supports  the 
above  given  corridor  estimate  according  to  Table  5  The 
resultant  ozone  changes  are  of  order  12  %  slightly 
below  the  tropopause,  and  positive  everywhere. 

These  studies  are  not  quite  consistent  because  of 
different  models  and  different  emission  rates.  However, 
the  studies  agree  in  the  general  conclusion  that  the 


NOX 


Fig.  19.  The  percentage  change  In  the  NO,  concentration 
relative  to  a  standard  run  without  aircraft  emissions 
due  to  the  1987  civil  aircraft  emissions,  for  April  condl 
tlons,  from  Beck  et  el.  (1992). 
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Fig.  20  Same  as  Fig  *9  for  O,  changes  From  Beck  et 
al  (1992) 
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present  emission  rate  of  emissions  from  aircraft  causes 
a  notable  Increase  In  ozone  In  the  upper  troposphere, 
ranging  from  4  %  (Derwent  1982),  7  %  (Johnson  and 

Henshaw  1991),  12  %  (Beck  et  at.  1992),  to  15  %  (Isaks- 
en  1980).  Significant  changes  to  ozone  occur  In  regions 
with  low  background  values  of  nitrogen  oxide.  Henco, 
Johnson  et  al.  (1992)  find  the  largest  changes  In  ozone 
concentration  to  occur  in  the  southern  hemisphere.  For 
the  futuro,  using  various  assumptions  on  extrapolated 
emissions,  the  ozone  change  may  reach  an  order  20  to 
30  %  locally  in  the  troposphere  (Beck  et  al.  1992).  Beck 
et  al.  (1992)  suggest  that  most  of  the  presently  observed 
ozone  Increase,  see  Fig.  2,  In  the  upper  troposphere  Is 
likely  be  caused  by  NO,  emissions  from  airtraffic. 

The  other  emissions  have  a  much  smaller  effect  on 
ozone  in  these  calculations.  Beck  et  al.  (1992)  and 
Johnson  and  Henshaw  (1991)  show  that  the  ozone 
changes  are  virtually  independent  of  the  HC  and  CO 
emissions.  Hence,  the  uncertainty  In  their  emission  fac¬ 
tors  is  of  minor  importance,  at  least  with  respect  to 
global  ozone  chemistry. 

The  above  mentioned  studies  concentrated  on  the 
global  impact  of  NO,.  The  chemistry  In  the  immediate 
wake  of  aircraft  has  been  studied  recently  by  Weibrlnk 
and  Zellner  (1991).  Danilin  et  al.  (1992)  and  Miake-Lye 
et  al.  (1993).  Since  most  of  the  NO,  emissions  have  the 
form  of  NO,  a  rapid  but  local  destruction  of  ozone  Is  to 
be  expected.  The  effects  depend  strongly  on  the  rate  of 
mixing  of  the  exhaust  plume  with  the  environmental  air. 
Danilin  et  al.  (1992)  have  also  considered  the  heteroge¬ 
neous  reaction  N,0,  +  H,G  -*  2HNO,.  but  found  that  this 
reaction  does  not  play  an  important  role  at  a  time  scale 
of  up  to  one  hour  in  the  wake.  But  this  reaction  can 
increase  the  HN03  in  a  plume  near  the  tropopause  by  a 
factor  of  two  per  week  approximately,  causing  a 
reduced  effectivity  of  the  ozone  depletion  potential. 

With  respect  to  the  global  warming  effect  from  air¬ 
craft  NO,  emissions,  It  is  found  that  their  specific  effect 
is  considerably  larger  (about  thirty  times  according  to 
Johnson  et  al.  1992)  than  for  man-made  emissions  of 
NO,  at  the  surface.  This  comes  from  the  larger  changes 
in  ozone  and  the  larger  radiative  effects  of  ozone  near 
the  tropopause.  These  differences  occur  because  the 
tropopause  is  cold  so  that  greenhouse  gases  have  the 
strongest  effect  there  and  that  the  lifetime  of  NO,  Is 
rather  large  and  because  the  background  concentration 
of  NO,  is  low  at  this  altitude  so  that  the  photochemical 
effect  of  added  NO,  is  large.  Lacis  et  al.  (1990)  use  a 
one-dimensional  radiative-convective  equilibrium  model 
and  show  that  the  surface  temperature  should  warm  in 
response  to  both  decreases  in  ozone  above  30  km  and 
increases  In  ozone  below  30  km.  Observed  ozone  trends 
suggest  a  cooling  of  the  surface  temperature  of  order 
0  05  °C.  However,  ozone  changes  due  to  NO,  emissions 
from  subsonic  airtraffic  cause  a  heating  effect.  The 
absolute  warming  effect  from  present  aircraft  emissions 
is  of  order  0.02  K  (Johnson  and  Henshaw  1991),  a  num¬ 
ber  which  is  about  consistent  with  the  findings  of  Lacis 
et  al  (1990),  and  might  reach  a  value  of  order  0.2  K  by 
the  year  2050  (Briihl  and  Crutzen  1988).  However,  these 
results  are  obtained  for  fixed  cloud  amounts,  and  with¬ 
out  accounting  for  heterogeneous  chemistry  on  sul¬ 
phuric  acid  aerosols,  PSCs  or  Ice  clouds. 


The  increase  In  tropospheric  ozone  may  offset  the 
decrease  In  stratospheric  ozone  due  to  release  of  chlo- 
rofluorocarbons  (Derwent  1S32)  and  even  reduce  the 
solar  UV-B  radiation  at  the  earth  surface  In  the  indus¬ 
trialized  northern  hemisphere,  In  particular  in  summer 
(BrOhl  and  Crutzen  1989). 

8.  Effects  of  emitted  water  vapour  and  cloud  formation 

Water  vapour  Is  by  itself  one  of  the  most  Important 
greenhouse  gases.  In  a  warmer  world,  an  Increase  of 
water  vapour  is  expected  which  may  about  triple  the 
greenhouse  effect  of  carbon  dioxide.  The  greenhouse 
effect  of  added  water  vapour  (or  any  other  infrared 
absorber)  Is  strongest  when  added  near  the  tropopause 
because  shielding  of  radiation  to  space  Is  most  pro¬ 
nounced  if  Ihe  absorber  is  cold  (GraOl  1990,  Lacis  et  al 

1990) .  As  an  absorber  of  terrestrial  radiation  in  the 
stratosphere,  a  water  vapour  molecule  is  up  to  200 
times  more  effective  than  a  C02  molecule  (GraBI  et  al. 

1991) . 

As  shown  by  simple  radiation  transfer  calculations 
(Schumann  and  Wendllng  1990),  an  Increase  in  water 
vapour  concentration  from  its  standard  value  to  satu¬ 
ration  in  (an  arbitrarily  selected)  altitude  range  9  to  14 
km  causes  changes  In  the  local  heating  rate  of  order  1 
K/h  which  Is  about  100  times  larger  than  the  effect  of 
doubling  CO:.  Although  such  a  drastic  change  In  water 
vapour  concentration  will  not  occur  globally,  it  never¬ 
theless  demonstrates  the  strong  radiative  sensitivity  of 
the  atmosphere  with  respect  to  water  vapour  concen¬ 
trations.  A  similar  computation  has  been  reported  by 
Shine  and  Sinha  (1991),  who  find  that  the  sensitivity  of 
the  surface  temperature  to  a  fixed  absolute  increase  in 
water  vapour  mixing  ratio  In  individual  global  40-hPa 
slabs  is  largest  when  the  Increase  occurs  In  a  slab  at 
altitudes  with  pressure  in  between  400  and  100  hPa.  In 
absolute  terms,  the  increase  in  surface  temperature  Is 
of  the  order  0.02  K  for  an  increase  of  0.001  g  per  kg  In 
such  a  50  hPa-slab. 

Tables  3  and  4  Indicate  that  the  global  contribution 
of  water  vapour  emissions  Is  small  In  comparison  to  the 
background  state.  However,  the  emissions  add  to  the 
expected  increases  in  water  vapour  concentrations  due 
to  the  warming  of  the  troposphere,  and  add  to  strato¬ 
spheric  water  vapour  from  the  increasing  rate  of  meth¬ 
ane  oxidation. 

Even  larger  changes  occur  If  the  waier  conaense:. 
and  forms  thin  ice  clouds  (Liou  1986).  Such  ice  clouds 
have  a  strong  greenhouse  effect  if  their  albedo  is  low 
but  the  emlssivlty  Is  large  which  is  the  case  for  thin 
clouds  with  large  (order  0.3/jm  In  radius  or  larger)  par¬ 
ticle  sizes  (Stephens  and  Webster  1981;  Stephens  et  al. 
1990).  Llou  el  al.  (1990)  computed  from  a  2D  model  an 
increase  In  surface  temperature  of  1  K  for  a  5  % 
Increase  of  high  cirrus  clouds  (increase  of  total  cover¬ 
age  by  high  clouds  by  about  1  %)  between  20N  and  70N. 
Recently,  StrauB  and  Wendllng  (DLR,  personal  comm., 

1992)  applied  Liou's  model  In  a  regionalized  version  to 
the  specific  climatic  conditions  in  Southern  Germany. 
They  find  that  the  surface  temperature  Increases  about 
linearly  with  cloud  cover  due  to  contrails,  see  Fig.  21. 
For  0.4  %  additional  cloud  coverage  by  contrails,  which 
is  Ihe  presently  observed  value  (Schumann  &  Wendllng 
1990),  the  model  predicts  an  Increase  In  surface  tern- 
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Fig.  21.  Increase  in  surface  temperature  as  a  function 
of  percentage  cloud  cover  due  to  contrails.  This  Is  the 
result  from  a  cloud  radiation  model  'vhich  Is  adjusted  to 
the  local  climatic  conditions  of  South  Germany.  From 
Straul)  and  Wendllng,  DLR  (1992). 

perature  by  about  0.05  K.  The  regional  effect  is  smaller 
because  some  of  the  feedback  effects  used  by  Llou  (e.g. 
polar  albedo  change)  are  unimportant  In  this  regional 
analysis. 

Contrails  emerge  In  particular  at  temperatures  below 
-40°C  (Appleman  1953).  Such  low  temperatures  prevail 
at  the  tropopause,  where  temperatures  in  the  range 
-50°  to  -70°C  are  typical  for  extratropical  regions. 
Miake-Lye  et  al.  (1993)  have  applied  the  analysis  of 
Appleman  (1953)  to  the  standard  atmosphere  as  a  func¬ 
tion  of  altitude  and  latitude.  The  result,  see  Fig.  22, 
shows  regions  labelled  with  ALWAYS  corresponding  to 
regions  with  temperature  low  enough  so  that  contrails 
form  even  in  dry  air.  The  region  labelled  NEVER  corre¬ 
sponds  to  warmer  parts  where  contrails  would  not  form 
even  in  a  saturated  atmosphere.  By  Inspection  we  see 
that  much  of  the  high-flying  airtraffic  takes  place  at 
altitudes  where  the  formation  of  contrails  is  very  likely, 
in  particular  In  the  northern  winter  hemisphere.  A  small 
reduction  of  global  mean  temperature  near  and  above 
the  tropopause  by,  say,  2  K  would  strongiy  increase  the 
region  in  which  contrails  have  to  be  expected.  Note  that 
this  analysis  only  considers  the  formation  process  of 
contrails.  The  residence  time  of  such  contrails  depends 
strongly  on  the  relative  humidity  of  the  environmental 
air  and  the  amount  of  mixing  with  the  contrail.  The  rel¬ 
ative  humidity  is  lower  in  the  stratosphere  but  the  mix¬ 
ing  will  be  more  rapid  in  the  troposphere.  Since  very 
long  living  contrails  will  occur  only  at  high  relative 
humidity,  the  upper  troposphere  Is  more  likely  covered 
by  large  amounts  of  cirrus  clouds  induced  by  aircraft 
than  the  lower  stratosphere. 

Contrail  observations  from  satellite  data,  Lldar  mea¬ 
surements,  and  climatological  observations  of  cloud 
cover  changes  have  been  described  in  Schumann  and 
Wendllng  (1990).  Large  (1  to  10  km  wide  and  more  than 
100  km  long)  contrails  are  observed  regionally  on  about 
a  quarter  of  all  days  within  one  year,  but  the  average 
contrail  coverage  is  only  about  0.4  %  in  mid  Europe. 


Fig.  22.  Map  versus  latitude  from  pole  to  pole  and  alti¬ 
tude  from  surface  to  50  km  showing  shaded  regions 
where  contrails  form  ALWAYS,  eventually,  or  NEVER, 
assuming  a  standard  atmosphere  and  contrails  In  local 
equilibrium  after  complete  mixing.  Contours  represent 
constant  temperature  at  increments  of  10  K.  Top:  for 
March  22,  bottom:  for  Jan.  15.  From  Miake-Lye  et  al. 
(1993). 


Fig.  23  shows  a  further  example  of  Lidar  observation 
of  contrails  formed  by  airtraffic.  The  Lidar  observations 
have  been  taken  on  board  of  the  Falcon  aircraft  at  an 
altitude  of  about  12  km  looking  downward  and  passing 
over  the  airway  G104  In  southern  Germany  on  Nov.  7, 

1990,  15:20  local  time.  The  plot  shows  the  backscatter 
signal  which  Indicates  a  rather  young  contrail  on  the  j 

right  and  two  older  contrails  at  the  left  side.  The  thick¬ 
ness  of  the  contrails  is  of  order  1.5  km  with  a  core  of  300 
m.  The  width  shown  reaches  10  km  but  is  actually 
smaller  by  a  factor  of  0.64  because  the  Falcon  did  cross 
the  airway  at  an  angle  of  about  40°.  The  core  of  the 
contrail  with  strong  backscatter  signals  indicates  high 
concentrations  of  small  particles.  Below  that  core  we  ( 

see  the  trace  of  sedimented  larger  particles  with 
motions  which  are  obviously  affected  by  wind  shear. 

The  Lidar  observations  show  that  the  contrails  may 
become  more  than  1  km  thick.  Such  big  contrails  cannot 
be  explained  by  the  amount  of  water  which  Is  emitted 
by  the  aircraft.  Obviously,  the  large  contrails  form  by  ^ 

triggering  ice  formation  in  air  which  Is  subsaturated  with 
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Fig.  23.  Vertical  cross-section  with  contrails.  The  grey 
tones  reprc.  ont  the  backscatter  signal  amplitude  as 
obtained  from  a  Lldar  sounding  on  board  of  the  Falcon 
(flying  from  left  to  right)  at  12  km  attitude  on  Nov.  7, 
1990.  14.20  UTC  (Schumann  and  Reinhardt.  1991). 


respect  to  liquid  water  but  supersaturated  with  respect 
to  the  Ice  phase.  Also  the  emitted  sulphur  particles  may 
trigger  such  Ice  clouds  In  supersaturated  regions. 
Hence,  the  largest  artificial  contrails  are  to  be  expected 
in  regions  where  the  water  vapour  concentration  Is 
above  saturation  with  respect  to  the  Ice  phase  but  below 
the  saturation  with  respect  to  water.  Unfortunately,  the 
present  data  on  water  vapour  concentrations  from  the 
global  operational  observation  system  are  too  inaccu¬ 
rate  to  determine  these  regions. 

9.  Summary 

This  survey  reveals  that  high-flying  subsonic  alrtraf- 
fic  affects  the  present  state  of  the  atmosphere  mainly  by 
Its  emissions  of  NO,  at  high  altitudes.  As  shown  by 
simple  estimates  of  mean  concentration  changes,  the 
Increase  in  NO,  exceeds  previous  estimates  of  30  %  and 
may  even  exceed  100  %  In  particular  in  Ihe  flight  corri¬ 
dors  over  the  North  Atlantic.  Such  changes  are  causing 
about  20  %  change  for  ozone  In  the  upper  troposphere. 
It  appears  as  if  the  present  alrtraffic  is  responsible  for 
most  of  the  observed  ozone  increase  in  the  upper  tro¬ 
posphere  (Beck  et  al.  1992).  The  greenhouse  effect  of 
this  change  is  estimated  to  be  of  the  order  0.01  to  0.02 
K  (Johnson  et  al.  1992). 

With  respect  to  additional  cloud  cover  the  estimates 
are  very  uncertain.  Regional  changes  in  between  a 
fraction  of  a  percent  and  2  %  appear  to  be  possible. 
Analyses  of  satellite  data  for  one  year  over  central 
Europe  indicate  0.4  %  additional  cirrus  clouds  from 

contrails.  Lldar  observations  show  that  very  large  con¬ 
trails  may  be  formed  with  small  particles  which  grow 
and  sediment  quickly.  Hence,  the  additional  cloudiness 
induced  by  contrails  can  be  much  larger  than  that  to  be 
expected  from  the  added  water  vapour  (which  Is  small) 
because  of  Ice  nucleatlon  triggered  by  the  contrails  in 
air  supersaturated  with  respect  to  Ice.  Very  thin  Ice 
clouds  will  cause  warming  while  thicker  clouds  cause 
cooling.  It  is  not  absolutely  sure  at  present  that  the 
warming  dominates  but  this  is  what  actual  models  pre¬ 
dict.  Quantitatively,  the  computed  warming  effect  at  the 


surface  Is  not  very  large  (of  order  0.01  to  0.05  K)  bul  It 
Is  not  clear  whether  this  It  the  most  meaningful  Impact 
Indicator. 

With  respect  to  SO,  the  results  suggest  that  alrtraffic 
Increase  the  aerosol  concentration  In  the  lower  strato¬ 
sphere  and  upper  troposphere.  The  aerosol  may  pro¬ 
vide  cloud  condensation  nuclei  and  sites  tor  heteroge¬ 
neous  chemical  reactions  of  trace  gases.  Thereby  they 
may  have  an  Impact  on  the  atmospheric  environment 
The  Increased  concentrations  of  water  vapour  may  also 
Increase  the  amount  of  PSCs  with  possible  negative 
effects  on  the  ozone  layer.  However,  these  effects  can¬ 
not  yet  be  quantified. 

For  the  future,  the  strong  Increase  In  alrtraffic  will 
be  accompanied  by  a  weaker  but  still  Important  Increase 
of  about  3  to  4  Vo  In  fuel  consumption  per  year,  meaning 
a  doubling  within  the  next  20  years  or  so.  The  climate 
changes  Induced  by  these  emissions  enhance  the  prob¬ 
lems  from  other  sources  (e.g.  reduced  stratospheric 
temperature  due  to  CO,  Increases  or  Increased  water 
vapour  concentration  due  to  Increased  methane  con¬ 
centrations,  and  related  increase  In  PSCs  and  reduced 
ozone). 

Many  open  questions  have  been  Identified  which 
require  further  research.  The  most  Important  ones  are: 
What  are  the  effective  emission  rates  from  present  and 
future  traffic  at  alt  levels  of  the  atmosphere?  How  is  the 
3-D  dispersion  and  conversion  from  let  exit  and  flight 
corridors  to  global  distribution?  What  are  the  chemical 
conversions,  ozone  generation,  heterogeneous 
reactions  on  PSCs,  ice  crystals  and  aerosols?  How  large 
is  the  global  area  where  the  water  vapour  concentration 
Is  above  saturation  with  respect  to  the  ice  phase  but 
below  the  saturation  with  respect  to  water,  i.e.  where 
large  contrails  may  be  formed?  What  are  the  climatic 
and  environmental  effects  of  the  atmospheric  changes 
for  the  living  conditions  on  earth? 

Corresponding  3D  global  circulation  models  includ¬ 
ing  a  sufficiently  complete  chemical  cycle  and  radiation 
scheme  for  both  the  troposphere  and  the  stratosphere 
are  still  under  development  (Dameris  1993).  Much  more 
basic  work  is  required  to  provide  suitable  models  for 
the  heterogeneous  reactions.  The  3D  models  are 
extremely  computer  time  consuming  because  of  the 
large  number  of  chemical  components  and  reactions  to 
be  treated.  Moreover,  the  models  have  to  provide  suffi¬ 
cient  resolution  in  particular  near  the  tropopause.  Mod¬ 
el  validation  studies  are  needed,  In  particular  to  verify 
the  correct  treatment  of  the  Interaction  between  strato¬ 
sphere  and  troposphere.  Also,  the  models  need  reliable 
estimates  on  natural  emissions  and  background  con¬ 
centrations  as  Input,  which  are  not  readily  available.  Of 
an  utmost  importance  are  observational  programs  to 
see  whether  the  essential  effects  are  included  in  the 
models,  and  data  to  verify  the  model  predictions.  The 
North  Atlantic  flight  corridor  appears  to  be  particularly 
suited  for  such  validation  measurements  because  the 
impact  of  alrtraffic  emissions  should  be  of  measurable 
magnitude  In  this  region  and  clearly  distinguishable 
from  other  causes. 

Several  research  projects  have  been  started  (Dunker 
1993)  to  resolve  the  list  of  open  questions.  However, 
long-term  research  Is  still  to  promote,  in  particular  to 
obtain  the  required  observational  data  in  the  polluted 
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atmosphere  at  cruise  altitude  and  to  develop  and  verify 
according  models. 

Certainly,  the  list  of  uncertainties  Is  long.  Some  of 
the  effects  of  emissions  on  environment  and  climate 
may  be  small  or  even  may  mitigate  the  Impact  of  other, 
more  Important  disturbances  to  ozone  layer  and  green¬ 
house  effects.  Nevertheless,  the  potential  of  aviation 
emissions  to  cause  serious  changes  to  climate  and 
ozone  layer  exists,  and  limitations  of  the  emissions  from 
alriraffic  may  become  necessary  sooner  or  later.  There¬ 
fore,  efficient  means  have  to  be  developed  to  reduce  the 
specific  emissions  from  alriraffic,  in  particular  with 
respect  to  NO,  but  also  with  respect  to  H»0  and  SO;. 

In  order  to  reduce  the  emissions  of  nitrogen  oxide, 
new  propulsion  systems  should  be  developed.  This 
requires  extensive  research  and  developments  on  the 
technological  side  (Dunker  1993).  Other  means  (like 
better  traffic  control  etc.)  should  be  also  considered 
These  means  have  to  be  developed  and  Installed  at 
sufficient  speed  to  compete  with  the  growth  rate  of  air- 
traffic. 
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Discussion 


Question  1.  Clare  Eatock 

Was  the  final  temperature  effect  of  0.01  to  0.1  K  a  global  or  a  Northern  Europe  effect? 

Author's  Reply 

This  is  an  order  of  magnitude  effect  with  respect  to  the  greenhouse  gases,  ozone  and  water  vapour.  It  is  meant  as  a  global 
estimate.  The  contrail  impact  is  of  the  order  of  0.05K  regionally. 

Question  2.  Leonhard  Fottner 

Could  you  please  comment  on  the  contribution  of  military  aircraft? 

Author's  Reply 

The  amount  of  fuel  consumed  by  military  aviation  is  roughly  25%  of  alt  aviation  fuel  consumption.  About  5%  of  all  traffic  over 
the  North  Atlantic  is  identified  as  being  military  type  aircraft.  Estimates  for  Germany  show  that  most  of  the  military  traffic  occurs 
below  8  km.  altitude.  I  do  not  know  about  military  flights  in  the  stratosphere,  but  I  expect  that  this  contributes  less  than  25%  of  all 
aviation  in  the  stratosphere. 


Question  3.  Dilip  Ballal 

Is  there  much  turbulent  diffusion  in  the  atmosphere  at  altitudes  at  which  aircraft  emissions  are  significant?  What  effect  would  this 
have  on  the  dispersion  of  pollutants? 

Author's  Reply 

Turbulence  near  the  tropopause  is  highly  intermittent  with  long  periods  of  no  turbulence,  and  short  periods  of  intense 
turbulence  due  to  breaking  gravity  waves  or  Kelvin-Hemholtz  instabilities.  Such  turbulence  occurs  more  frequently  over  land 
than  over  the  oceans.  The  mean  vertical  diffusivity  in  the  lower  atmosphere  is  estimated  to  be  of  the  order  of  0.2  square  metres/ 
see.  Mixing  is  important  for  all  nonlinear  processes,  like  particle  and  contrail  formation. 


Question  4.  N.H.  Pratt 

Have  you  assessed  the  potential  impact  of  nitrous  oxide,  which  is  likely  to  increase  with  emphasis  on  lean  burn,  on  processes  in 
the  upper  atmosphere? 

Author's  Reply 

The  emission  of  nitrous  oxide  from  aircraft  could  be  of  climatic  relevance  because  N30  has  a  lifetime  in  the  atmosphere  of  about 
100  years,  and  is  an  efficient  greenhouse  gas.  Since  it  is  long  living,  its  emission  from  aircraft  has  to  be  compared  directly  with 
cither  sources.  As  best  I  can  remember,  about  10  to  20  Mt  of  N,0  are  emitted  annually  from  the  earth's  surface.  The  amount  of 
fuel  burned  is  about  200  Mt/yr.  Hence  N.O  would  be  an  important  emission  from  aircraft  if  the  emission  would  be  about  1  g/Kg 
or  higher.  As  far  as  I  know,  the  emission  index  is  much  smaller,  however. 


Question  5.  Dr  Gordon  Andrews 

You  mentioned  that  a  reduction  in  aviation  fuel  sulphur  levels  may  be  required  to  limit  sulphur  dioxide  and  suphuric  acid 
emissions  in  the  upper  atmosphere.  What  level  of  fuel  sulphur  do  you  think  might  be  required?  Will  the  reduction  of  sulphur 
levels  in  diesel  fuel  to  below  0.05%  in  Europe,  USA  and  Japan  have  an  associated  benefit  of  reduced  aviation  fuel  sulphur? 
Sweden  has  legislat'd  a  diesel  fuel  limit  of  0.001%  S.  Is  this  the  level  that  might  be  required  for  future  aviation  fuels? 

Author's  Reply 

The  present  level  of  sulphur  content  in  kerosene  varies  considerably  but  is  of  the  order  of  0.05%  by  weight.  The  present 
knowledge  is  still  uncertain  but  suggests  a  reduction  by  about  a  factor  of  ten  in  order  to  make  sure  that  the  sulphur  emissions  in 
the  lower  stratosphere  are  small  in  comparison  with  other  sources. 


Question  6.  Dr  Gordon  Andrews 

What  is  known  about  the  concentrations  of  radicals  like  OH,  O,  H,  HOz,  H2Oj,  etc.  at  the  exit  plane  of  modern  jet  engines 
burning  ’>  erosene?  Both  model  and  measurements  are  of  interest  because  OH,  although  having  very  low  concentration  in  the 
atmosp  ere,  is  responsible  for  most  oxidation  processes. 

Author’s  Reply 

Emissions  of  radicals  from  gas  turbines  are  at  a  very  low  level.  Essentially,  the  exhaust  will  have  equilibrium  levels  of  radicals 
which  are  in  the  Hr7  to  10“*  mole  fraction  range  for  the  radicals  you  mentioned.  I  know  of  no  measurements  of  these  radicals  in 
engine  exhausts,  but  I  would  be  interested  to  know  what  emission  levels  might  be  of  significance  in  terms  of  upper  atmosphere 
chemistry. 
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ABSTRACT 

The  challenges  in  designing  high  performance  aircraft 
combustion  systems  have  not  changed  significantly  over  the 
years,  but  the  approach  has  shifted  towards  a  more 
sophisticated  analytical  process.  Initially  an  overview  of  the 
U.S.  Navy's  component  technology  development  procedure  is 
presented  to  show  how  technology  development  is  still  tied 
into  mission  requirements.  A  more  technical  discussion  on 
combustion  technology  status  and  needs  will  show  that  the 
classic  impediments  that  have  hampered  progress  towards 
ncar-stoichiometric  combustion  still  exist.  Temperature  rise, 
mixing,  liner  cooling,  stability,  fuel  effects,  temperature 
profile  control  and  emissions  continue  to  confront  the 
aerodynamic  and  mechanical  designers  with  a  plethora  of 
engineering  dilemmas  and  trade-offs.  In  addition,  new 
materials  such  as  ceramic  matrix  composites  (CMC)  and 
intermetallics  like  titanium  aluminides  (TiAl)  are  now  being 
incorporated  into  every  advanced  design.  The  process  of 
combustion  design  has  taken  on  a  new  meaning  over  the  past 
several  years  as  three  dimensional  codes  and  other  advanced 
design  and  validation  tools  have  finally  changed  the  approach 
from  a  "cut  and  bum”  technique  to  a  much  more  analytical 
process.  All  of  these  new  aspects  are  now  integral  elements 
of  the  new  equation  for  advanced  combustion  design  that  must 
be  fully  understood  and  utilized.  Only  then  will  the  operable, 
high  temperature  capable  combustion  systems  needed  for 
future  military  aircraft  be  developed. 


INTRODUCTION 

The  purpose  of  this  paper  is  to  review  the  progress  and  look 
into  the  future  of  combustion  and  fuel  system  development 
from  a  government  point  of  view.  In  the  propulsion 
technology  area,  most  government  sponsors  do  not  conduct  the 
actual  research,  but  take  an  active  part  in  technically 
managing  the  programs.  They  rely  mostly  on  the  engine 
manufacturers  who  have  the  facilities,  resources  and 
experience  to  provide  the  solutions  and  develop  the  hardware. 
From  this  perspective,  the  government  sponsors  have  a  unique 
vantage  point  to  observe  all  of  the  ongoing  efforts  across  the 
industry  and  arc  able  to  assess  their  relative  position  as  they 
compete  for  resources. 

Over  the  years,  the  seven  U.S.  engine  manufacturers  have 
flourished  under  the  Department  of  Defense  and  Navy  funding 
as  they  strove  to  stay  ahead  in  the  Cold  War.  Then  our  once 
reliable  enemy  became  our  sometimes  reliable  ally  and  the 
race  for  the  peace  dividend  was  on.  Now  these  same 
companies  are  in  a  race  to  downsize  their  organizations  in 


light  of  stronger  international  competition,  recent  budget  cuts 
and  economic  recession.  They  arc  getting  back  to  their  core 
profit  centers  and  becoming  much  more  responsive  to 
customer  requirements. 

So  where  does  that  leave  the  industry?  From  a  technical 
perspective,  the  larger  companies  command  more  resources 
for  luxuries  such  as  high  powered  computer  systems,  testing 
facilities  and  generic  research.  However,  future  engines  are 
becoming  so  sophisticated  and  expensive  that  it  is  not  cost 
effective  to  maintain  complete  research  and  development 
(R&D)  organizations.  More  than  ever,  cost  is  the  new  driving 
force  in  terms  of  R&D.  Company  controlled,  government 
sponsored  independent  R&D  (IR&D)  has  been  severely 
reduced  reflecting  the  declining  purchases  of  military  engines 
and  spare  parts.  Along  with  government  support, 
subcontractors  are  now  being  utilized  much  more  for  their 
technical  expertise  and  to  share  in  the  developmental 
expenses.  This  is  especially  true  in  the  materials  world  where 
fiber  is  the  life  blood  of  the  composite  industry.  There  are 
relatively  few  manufacturers  who  now  produce  it  and  they  are 
dictating  their  terms  to  the  engine  industry  with  little  rebuttal. 
Many  engine  company  executives  are  now  suggesting  that 
more  active  cooperation  amongst  all  the  participating  sectors 
of  the  aerospace  industry  is  necessary  in  order  to  survive. 

With  this  in  mind,  combustion  system  designers  have  many 
things  to  consider,  not  least  of  which  are  the  technical 
challenges  ahead.  As  part  of  the  development  process  of 
military  gas  turbine  technology,  it  is  very  important  to 
understand  the  genesis  of  the  goals  and  how  they  impact  the 
evolution  of  military  propulsion. 

ORIGIN  OF  GOALS 

Aircraft  combustion  needs  are  well  defined  and  have  been 
under  continuous  development  for  many  years  by  both  military 
and  civilian  organizations.  The  military  approach  towards 
meeting  the  combustion  and  fuel  challenges  begins  with  a  top- 
down  understanding  of  the  hierarchy  of  system  requirements, 
starting  with  aircraft  missions.  There  are  a  variety  of 
missions  utilized  by  the  United  States  Navy  which  periodically 
change  as  prevailing  international  conditions  evolve. 
Perennial  members  include  projection-of-power,  fleet  defense, 
air  superiority,  sea  control,  electronic  warfare,  surveillance, 
command,  control  and  communication  (Cs)  and  the  newest 
member,  littoral  warfare.  Improving  upon  mission 
effectiveness  is  an  ongoing  process  and  the  Navy  is 
continually  investigating  methods  to  enhance  component  and 
engine  performance  as  well  as  life  and  durability. 
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For  fighter/attack  style  aircraft  (F-14/A-6),  (he  Navy  ii 
historically  attracted  to  engine  cycles  that  provide 
transonic/supersonic  capability  for  combat,  but  exhibit  good 
specific  fuel  consumption  characteristics  (SFC)  at  subsonic 
cruise  speeds  to  meet  long  over-water  flight  requirements. 
This  multimission  requirement  imposes  a  wide  variety  of 
diverging  needs  upon  the  combustion  system.  Included  are 
smoke  free,  high  temperature  capability,  combined  with  good 
lightoff  and  lean  blow-out  characteristics  while  maintaining 
adequate  durability  and  life. 

The  pure  subsonic  engines  for  patrol/transport  style  aircraft 
and  helicopters  (P-3/SH-60)  arc  not  as  temperature  dependant 
as  fighter/attack  engines  but  require  shorter,  lightweight 
designs  with  relatively  low  pressure  loss  that  operate  at  much 
higher  engine  pressure  ratios  for  enhanced  SFC.  Operability, 
durability  and  life  are  again  major  factors  in  their  designs. 

The  procedure  to  improve  an  engine's  performance  is 
basically  an  analytical  exercise  which  breaks  down  the  engine 
performance  by  component  and  seeks  to  find  the  proper 
combination  of  advanced  technologies  that  may  be 
incorporated  to  provide  the  best  performing  engine.  First,  the 
aircraft  mission  parameters  such  as  Mach  number,  altitude, 
lime-on-station,  range  and  payload  are  delineated.  Since  the 
engine  design  and  the  component  configurations  are  known, 
the  component  performance  parameters  such  as  speeds, 
pressures,  temperatures  and  efficiencies  can  be  identified 
throughout  the  mission.  Then  the  performance  characteristics 
of  the  existing  components  are  compared  to  the  performance 


of  the  most  advanced  technology  components.  Consideration 
must  be  given  to  the  fact  that  optimum  engine  performance 
can  only  be  achieved  by  incorporating  the  correct  balance  of 
component  technologies.  The  engine  must  then  be  reassessed 
to  determine  the  performance  improvements  and  to  evaluate 
the  benefits  based  on  mission  requirements  (Fig  1).  Through 
this  cyclical  process,  combustion  system  and  other  component 
advancements  are  continually  compared  against  higher  order 
mission  requisites  in  an  attempt  to  provide  an  endless  supply 
of  options  to  improve  engine  performance  for  the  ultimate 
customer,  the  aviator. 


TECHNOLOGY  BASE  DEVELOPMENT 

Maintaining  an  engine  technology  base  is  a  critical  part  of  the 
military  engine  development  process.  It  allows  the  customer 
to  have  many  options  to  chose  from  in  order  to  meet  system/ 
mission  requirements.  In  the  United  Slates,  the  advanced 
technology  engines  and  exploratory  development  component 
programs  are  being  addressed  under  the  Integrated  High 
Performance  Turbine  Engine  Technology  (IHPTET)  Initiative. 
This  is  a  three  phase  effort  that  incorporates  all  three  military 
services,  the  National  Aeronautics  and  Space  Administration 
(NASA),  the  Advanced  Research  Projects  Agency  (ARPA) 
and  the  seven  major  engine  manufacturers.  The  purpose  of 
IHPTET  is  to  develop  a  united  approach  towards  significantly 
improving  engine  performance  levels  in  order  to  double  the 
thrust/weight  ratio  of  future  gas  turbine  engines  by  the  year 
2000.  More  specifically,  these  goals  apply  to  manned  and 
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unmannedturbofan/turbojet  engines  while  turboprop/turboshaft 
engine  goals  require  120%  improvement  in  power/weight.  In 
addition,  there  are  aggressive  fuel  consumption  goals  for  the 
initiative,  while  life  and  durability  goals  will  also  be 
incorporated  into  each  engine  design. 

Each  phase  addresses  material,  component  and  demonstrator 
engine  development  and  operation  in  which  the  majority  of  the 
efforts  arc  sponsored  by  the  three  services  and  conducted  at 
the  engine  manufacturers'  facilities.  The  components  and 
engine  performance  \rr  measured  giving  an  accurate 
assessment  of  the  overall  engine  thrust  class  while  the  engine 
weights  are  calculated.  Usually,  advanced  materials  are  not 
incorporated  throughout  every  section  of  the  engine. 
However,  selective  placement  of  key  materials  in  critical  areas 
of  the  engine  allow  a  realistic  assessment  of  their  ability  to 
survive  in  an  engine  environment. 

There  are  six  component  areas  (compression,  combustion, 
turbines,  mechanical  systems,  controls  and  exhaust  nozzles) 
which  have  sequenced  design  goals  in  each  of  the  three 
phases.  In  addition,  there  are  structures,  materials  and 
computational  fluid  dynamics  (CFD)  disciplines  which  are  all 
aligned  with  the  component  aicas  to  manifest  themselves  into 
the  demonstrator  engine  performance.  The  demonstrator 
engine  goal  substantiation  is  the  ultimate  test  for  the 
component  design  whereby  all  the  components  are  integrated 
into  an  operating  system  that  provides  the  most  extensive 
verification  short  of  actual  aircraft  operation. 

The  combustion  system  goals  for  IHPTET  have  been  identified 
to  provide  near-sioichiomctric  operation  combined  with  a  50% 
reduction  in  weight  over  the  entire  system  by  Phase  III.  Life 
and  operability  goals  such  as  lean  blowout,  relight  and 
turndown  ratio  have  also  been  established  to  ensure  a  complete 
combustion  system  design. 


over  the  pait  35  yean  auoh  at  combuator  exit  temperature 
(CET),  combustor  size  (length/diameter),  fuel/air  ratio  (PAR) 
and  pattern  factor  at  outlined  by  Cifone  and  Krueger  [1], 
notable  progress  hat  been  made  and  yet  the  future 
requirement!  are  still  more  challenging.  HopeftiUy  the 
successes  of  the  past  will  provide  tome  ins.ght  into  fiiture 
solutions. 

TEMPERATURE  CAPABILITY 

In  reaction  to  the  demand  for  higher  engine  thrust  levels, 
higher  CET  has  always  been  the  mtjor  focus  in  the  design 
process.  An  increase  in  CET  is  often  the  Tint  choice  in 
upgrading  tn  engine’s  thrust.  Usually  the  increase  is  at  the 
expense  of  the  liner  and  the  turbine  nozzle  which  must 
improve  their  cooling  effectiveness  or  suffer  a  life  penalty. 
CFT  it  often  recognized  ac  a  barometer  for  combustion 
technology  and  a  direct  measure  of  the  capacity  of  the  design. 
A?*  seen  in  Fig  2,  the  CET  trend  hat  been  a  long  and  steady 
rise  towards  stoichiometric  temperatures.  Over  the  years,  a 
wide  variety  of  designs  have  been  tested  to  improve 
temperature  levels  such  at  the  complex  Pratt  &  Whitney 
Vorbix  combustor,  and  the  simple  General  Electric  F101 
combustor  (Fig  3).  Although  the  designs  are  radically 
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CURRENT  ISSUES 

The  past  is  full  of  significant  accomplishments,  however  the 
challenges  for  future  combustion  system  designs  are  also 
apparent.  If  we  follow  the  progress  of  certain  parameters 
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Fig  3:  Contrast  In  Style 
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different,  the  focui  is  the  tame;  a  combustor  designed  to 
withstand  the  highest  possible  temperature  limit  that  the 
materials,  Aiel  injection  system  and  liner  designs  can  support. 
To  that  end,  conventional  materials  such  as  Hastelioy  X, 
HS188  and  Inconel  718  have  been  pushed  to  their  limits. 
Innovative  liner  cooling  schemes  such  as  Floatwall,  Multihole, 
Lamilloy  and  Lycolite  have  been  developed  utilizing  every 
type  of  heat  transfer  mechanism  available  to  dissipate  the 
temperature  and  maintain  material  integrity.  Hundreds  of  fuel 
iqjector  designs  have  also  been  developed  investigating  any 
means  to  push  a  sufficient  amount  of  fuel  and  still  maintain 
some  level  of  operability.  The  influence  that  CET  has  had  on 
the  other  parameters  in  the  design  has  been  quite  significant. 
So  much  so,  that  innovations  in  operability  and  durability  are 
constantly  responding  to  higher  CET  in  order  to  support 
improvements  in  engine  thrust  levels. 

CFD  and  ANALYTICAL  TOOLS 

CFD  codes  are  in  the  unenviable  position  of  defining  the 
interactions  of  three  dimensional,  multiphase,  turbulent, 
reacting  flows  that  reside  inside  a  combustor.  Further  they 
must  accurately  predict  those  same  flows  after  changes  are 
made  to  the  configuration  or  harder  yet,  predict  flows  of  a 
new  design.  The  current  models  are  just  beginning  to  provide 
a  return  on  their  investment  after  many  years  of  development. 
Initially,  CFD  codes  were  very  cumbersome  and  required  a 
substantial  amount  of  empiricism  and  correlations  on  the  part 
of  the  designers  in  order  to  complete  the  total  picture.  The 
overall  accuracy  of  the  models  suffered  since  the  turbulence 
and  chemistry  models  could  not  be  coupled  with  the  transport 
equations  in  an  efficient  manner.  Another  limitation  of  the 
codes  was  their  necessity  to  be  operated  on  expensive 
mainframe  computers.  Today  more  powerful  computers  are 
allowing  designers  to  invest  more  time  into  modifying  the 
codes  and  validating  the  analyses  through  actual  testing. 
Now,  after  many  years  of  validation  testing,  CFD  codes  are 
becoming  more  reliable  and  predictive. 


DIFFUSERS 

The  diffuser  section  has  quite  an  impact  on  combustion 
performance.  It  must  reduce  the  compressor  velocity  and 
minimize  flow  perturbations  in  a  controlled  manner  in  order 
to  provide  a  uniform  flow  that  does  not  tax  the  pressure  rise 
accomplished  by  the  compressor.  Expanding  the  divergence 
angle  and/or  shortening  the  system  to  improve  static  pressure 
recovery  has  been  a  topic  of  many  research  efforts.  A  variety 
of  different  vortex  generators  and  vortex  controlled  designs 
have  been  used  in  an  attempt  to  delay  the  onset  of  flow 
separation  by  modifying  the  boundary  layer  characteristics. 
Vortex  generators  though,  have  an  inherent  shortcoming. 
While  they  are  effective  in  improving  pressure  recovery  with 
a  developed  profile  incorporating  substantia!  boundary  layer 
thickness,  they  provide  a  substantial  pressure  loss  for  flows 
with  minimal  boundary  thickness.  Vortex  controlled  designs 
which  bleed  a  small  portion  of  air  have  been  successful  in 
providing  adequate  pressure  recovery  at  larger  area  ratios, 
however,  turbulence,  system  complexity  and  excess  weight 
often  overshadow  the  benefits. 


COMBUSTOR  SIZE 

Reductions  in  combustor  size  are  difficult  to  achieve  due  to 
the  demands  for  higher  CET  and  the  need  to  maintain 
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acceptable  operability.  Combustor  L/D  is  gradually  being 
reduced  in  order  to  meet  weight  goals  (Fig  4).  Older  designs 
which  had  the  luxury  of  an  intermediate  zone  must  now  cope 
with  the  fact  that  modem  combustion  designs  have  eliminated 
this  section  while  raising  temperature  levels.  This  requires  the 
primary  zone  aerodynamics  and  the  fuel  injection  system  to  be 
more  efficient  in  mixing  a  higher  volume  of  fuel  in  a  reduced 
axial  distance.  The  impact  is  a  reduction  in  time  for  the 
primary  zone  to  complete  burning  and  the  dilution  zone  to 
provide  an  even  temperature  profile  at  the  turbine  nozzle  inlet. 

Current  designs  are  transitioning  to  multiple  dome 
configurations  to  support  staggered  fuel  injection  systems 
which  have  a  tendency  to  swell  the  dome  area.  This  gives  the 
appearance  of  a  shorter  L/D  without  an  actual  reduction  in 
liner  length- 

LINER  DESIGN 

In  order  to  improve  combustor  temperature  rise,  there  is  a 
need  to  bum  a  larger  percentage  of  the  air  entering  the 
combustor  (Fig  7).  This  trend  detracts  from  the  air  available 
lor  exit  temperature  control,  as  well  as  liner  cooling,  and 
places  more  of  a  burden  on  the  cooling  system  effectiveness. 
Due  to  higher  temperature  levels,  rolled  sheet  metal  liners 
have  been  supplanted  by  machined  ring  and  shingle  style  liners 
in  most  production  designs.  These  configurations  have 
successfully  operated  at  fleet  engine  temperature  levels  for 
many  years,  albeit  many  liners  need  ceramic  thermal  barrier 
coatings  for  protection  against  hot  spots  caused  by  variances 
in  manufacturing  and  general  wear.  Now  more  recently, 
advances  in  manufacturing  processes  have  allowed  laser 
drilled  effusion  cooled  liners  to  become  state-of-the-art  due  to 
their  effectiveness,  simplicity  and  weight  savings.  The  shaped 
holes  in  these  liner  designs  are  a  by-product  of  the  drilling 
process  and  have  improved  the  cooling  effectiveness  by 
assisting  to  develop  a  regenerating  film  of  cooling  air  along 
the  liner.  This  type  of  liner  cooling  configuration  uses  less  air 
and  allows  more  air  to  be  available  for  dilution  control. 

As  shown  in  Fig  5,  pattern  factor  has  made  significant 
improvements  over  the  years.  Combined  with  profile  factor, 
these  two  measurands  are  a  critical  gauge  of  exit  temperature 
profile  which  the  turbine  cooling  system  is  designed  around. 
A  major  reason  for  the  improvements  in  pattern  factor  has 
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been  the  increased  use  of  CFD  throughout  the  design  process. 
This  allows  designers  the  ability  to  easily  visualize  the 
temperature  gradients  and  effectively  tailor  the  dilution  air 
with  greater  precision  than  ever  before. 


FUELS  AND  FUEL  DELIVERY  SYSTEMS 

Fuel  delivery  systems  have  been  a  major  consideration  in 
combustor  designs  for  many  years.  Many  attempts  have  been 
made  to  expand  the  upper  and  lower  fuel  flow  limits  in 
preparation  for  the  demand  of  higher  exit  temperatures. 
These  include  many  different  types  of  injectors  and  even 
variable  geometry  swirlers.  However,  simple  pressure  and 
airblast  atomizers  in  conjunction  with  their  swirler  packages 
are  near  their  practical  limits  in  terms  of  providing  a  full 
range  of  fuel  distribution  capability.  Current  fuel  nozzles 
designed  for  higher  fuel  flows  at  max  power  do  not  provide 
good  low  power  performance  in  regard  to  lean  blow-out  and 
relight.  Due  to  requirements  for  greater  FAR  range  (Fig  6), 
fuel  and  air  staging,  which  adds  weight  and  complexity  to  the 
engine,  is  necessary  to  maintain  good  operability 
characteristics.  This  is  a  vital  aspect  for  Navy  aircraft  which 
need  good  low  power  stability  especially  during  landing  on  an 
aircraft  carrier  and  quick  response  time  to  max  power  during 
a  possible  aborted  landing. 
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Fuel  operating  temperature  is  a  growing  concern  as  engine 
cycle  temperatures  continue  to  rise.  Increased  heat  rejection 
into  the  fuel  by  the  various  aircraft  subsystems  will 
significantly  increase  the  fuel's  potential  to  undergo  thermal 
oxidation  degradation  reactions.  This  degradation  leads  to 
carbon  deposition  around  the  outside  tip  and  in  the  interior 
passages  of  the  fuel  ii\jector.  Poor  fuel  quality  and  hot  spots 
on  the  fuel  injector  have  been  factors  in  many  instances  where 
coke  formation  has  deteriorated  fuel  iqjector  performance. 
This  leads  to  hot  spots  in  the  combustor  and  turbine  nozzle 
and  a  subsequent  reduction  in  life  of  the  components.  The 
Navy  has  a  particular  concern  in  the  lh!s  area  due  to  its  unique 
problem  with  decreased  shipboard  thermal  oxidation  stability 
of  its  fuel  caused  by  the  deleterious  effects  of  the  copper- 
nickel  piping  in  its  shipboard  aviation  fuel  delivery  systems. 
Current  design  practice  to  reduce  fuel  temperatures  and 
therefore  the  potential  for  carbon  deposition  is  to  recirculate 
the  fuel  through  fuel-air  heat  exchangers.  This  method  of 
thermal  management  does  however  impose  a  penalty  on  the 
aircraft  by  increasing  system  complexity,  weight  and  drag. 
Other  concerns  are  increased  carbon  content  in  the  fuel  which 
leads  to  a  higher  smoke  number  and  reduced  life,  while  higher 
viscosity  and  lower  volatility  have  a  negative  effect  on 
atomization  and  operability. 

in  summary  of  the  current  issues,  conventional  approaches 
that  have  been  employed  by  the  industry  for  many  years  will 
no  longer  suffice  in  meeting  the  needs  of  the  next  generation 
of  combustor  designs.  For  example,  the  temperature  limits  of 
conventional  materials  such  as  HS183  and  Hastclloy  X  have 
been  met  and  many  of  the  new  innovative  liner  cooling 
configurations  designed  by  the  engine  manufacturers  are 
struggling  to  meet  their  temperature  requirements.  Traditional 
fuel  distribution  techniques  are  not  adequate  to  meet  the  ever 
increasing  demand  for  higher  fuel  flows  for  increased  engine 
thrust  in  combination  with  the  lower  fuel  flows  needed  for 
good  low  power  stability.  Combined  with  the  fact  that  most 
CFD  analyses  are  not  totally  predictive  but  usually  postdictive, 
the  industry  must  now  head  into  more  unfamiliar  territory. 


THE  FUTURE 

The  future  for  high  performance  combustion  systems  will  be 
an  interesting  time  as  nc\4  laboratory  tools  are  employed  to 
validate  innovative  analytical  designs  incorporating  composite 
materials  which  will  produce  the  most  advanced  combustion 
system  designs  to  date.  As  seen  by  the  trend  charts,  there  is 
significant  progress  yet  to  be  accomplished  in  many  areas. 
The  most  predominant  goal  is  still  CET.  The  following 
sections  are  written  with  CF.T  in  mind  as  the  major  challenge 
ahead. 


CFD  and  ANALYTICAL  TOOLS 

In  the  analytical  area,  supercomputers  such  as  the  CRAY  and 
most  recently  the  high  powered  work  stations  which  are 
networked  together  to  provide  supei computer  capability,  have 
allowed  designers  to  delve  into  many  areas  that  several  years 
ago  were  still  an  enigma.  Today,  3D  CFD  codes  utilize  body 
fitting  orthogonal  grid  generators  to  map  complex  shapes  in 
order  to  predict  velocity  and  temperature  profiles.  Enhanced 
graphics  packages  allow  these  gradients  to  be  viewed  from  any 
arple  giving  the  designer  access  to  any  trouble  spot.  Using 
these  elaborate  codes  that  effectively  link  cooling,  turbulence 
and  reacting  models,  an  accurate  prediction  of  combustor 
trends  is  now  possible  to  analyze  before  a  piece  of  metal  is 
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ever  cut  or  a  section  of  CMC  sent  to  the  autoclave, 

In  the  experimental  and  validation  areas,  cold  flow 
visualization  tests  and  2D  sector  test*  are  becoming  very 
proficient  in  validating  initial  designs.  Toois  such  as  laser 
doppler  velocimetry,  Schlieren  visualization,  CARS  and 
Raman  spectroscopy  are  used  to  validate  turbulence  levels, 
species  concentration,  and  velocity  and  temperature  profiles. 
Now,  tiie  results  of  most  sector  tests  provide  enough  reliable 
data  to  proceed  to  the  full  annular  design.  This  in  itself  is  a 
significant  feat  since  manufacturing  costs  of  high  temperature 
composites  are  still  exorbitant  and  programs  can  not  afford  to 
make  multiple  sets  of  hardware  to  cover  several  design 
iterations. 


MATERIALS 

Advanced  non-metallic  materials  development  will  be  the 
pacing  item  in  the  combustion  systems  of  the  future  due  to 
their  unfamiliar  characteristics  and  high  cost.  Current  designs 
are  now  attempting  to  incorporate  both  monolithic  ceramics 
and  ceramic  matrix  composites  into  basic  metal  liner  designs 
in  order  to  increase  the  temperature  capability.  The  only 
drawback  is  that  the  temperature  limit  of  CMC  is 
approximately  3000  °F  which  is  still  far  short  of  the  goal 
needed  to  achieve  near-stoichiometric  operation. 
Carbon/Carbon  which  was  the  one  material  that  was 
envisioned  to  provide  uncoolcd  capability  has  been  a  great 
disappointment  and  now  most  efforts  have  been  suspended  due 
to  the  lack  of  a  durable  oxidation  coating  and  general 
brittieness  of  the  material. 

Currently,  monolithic  ceramics  do  not  to  have  the  strength  nor 
the  durability  to  survive  the  harsh  combustor  environment 
without  some  sort  of  metallic  •■'tructure  for  support.  Most  of 
these  designs  have  evolved  into  configurations  that  were  not 
feasible  for  production.  Other  designs  employed  monolithic 
tiles  as  heat  shields  for  their  primarily  metallic  designs.  Most 
designers  have  now  abandoned  the  monolithic  area  and 
cwitchcd  to  primarily  CMC  for  their  applications.  After 
several  years  of  experimentation  to  develop  some  sort  of 
familiarity  with  the  material,  attempts  are  currently  being 
made  to  build  and  test  one  piece  CMC  liners.  Th-re  have 
been  numerous  growing  pains  throughout  this  process  as  many 
different  configurations  involving  2D  and  3D  weaving  and 
braiding  of  the  matrix  fibers  have  been  investigated. 
Ineffective  densifiealion,  oxidation  and  poor  thermal 
conductivity,  which  causes  damaging  temperature  gradients, 
have  left  most  designers  lacking  any  confidence  that  CMC  will 
meet  temperature  and  life  requirements.  Therefore,  most 
composite  designs  have  been  categorized  for  unmanned  engine 
applications  which  can  accept  higher  levels  of  risk.  Other 
problems  still  exist  in  the  interface  areas  between  the  metallic 
dome  sections  and  the  composite  liners.  Uneven  thermal 
expansion,  sealing  and  attachments  are  all  new  problem  areas 
that  are  still  being  addressed. 

Our  knowledge  of  producing  nonmelallie  parts  is  basically 
limited  to  simple  shapes.  Only  in  the  last  few  years  have 
combustor  designers  and  material  manufacturers  working 
closely  together,  developed  the  processes  necessary  to 
manufacture  a  more  intricate  piece  such  as  a  li.ter.  The  time 
is  coming  whereby  more  complex  shapes  such  as  the  dome 
shroud  and  swirlers  must  be  manufactured.  Effective 
densifiealion  of  these  complex  shapes  is  the  next  step  to 
producing  a  full  nonmelallie  combustor  in  order  to  realize  the 
full  potential  of  these  lightweight,  high  temperature  capable 


materials. 


FUEL  DISTRIBUTION  AND  FUELS 

This  is  probably  the  most  heavily  researched  portion  of 
combustion  system  development  since  it  is  well  recognized  as 
the  most  rewarding  area  in  terms  of  total  payoff.  As 
mentioned  before,  the  need  for  increased  temperature 
capability  is  the  driving  force  of  most  design  efforts.  Fig  7 
shows  the  distribution  of  air  as  a  function  of  temperature  rise. 
In  the  past,  approximately  30%  of  the  available  air  was  used 
for  combustion,  the  remainder  was  split  between  cooling 
(40%)  and  dilution  (30%).  Over  the  past  live  years,  gradual 
improvements  have  been  made  to  increase  the  amount  of 
available  combustion  air.  However,  in  order  to  provide  near- 
stoichiometric  combustion,  higher  flow  fuel  distribution 
systems  that  can  accommodate  the  increasing  max  power  fuel 
requirements  are  being  developed  for  the  new,  shorter,  high 
temperature  combustors.  The  traditional  airblast  fuel  injector 
and  the  accompanying  high  shear  swirler  systems  that  are 
utilized  in  current  systems  will  not  be  able  to  accommodite 
the  higher  fuel  flows  of  future  engines  and  also  maintain  good 
operability  characteristics.  Innovative  fuel  delivery  and 
atomization  techniques  are  being  investigated,  although  it  is 
highly  unlikely  that  they  alone  will  provide  the  necessary 
improvements  to  meet  future  requirements. 


Future  fighter/attack  aircraft  will  rely  more  on  the  engine  fuel 
system  as  a  heat  sink  to  cool  electronics,  oil  and  turbine 
cooling  air  (Fig  8).  This  will  further  raise  the  bulk  fuel 
temperature  causing  coking  throughout  the  fuel  system.  These 
projections  have  increased  efforts  to  develop  a  cost  effective 
high  thermally  stable  aviation  fuel.  Although  increased 
refinery  processing  or  a  specialty  fuel  like  JP-7  would  provide 
the  desired  increased  stability,  its  cost  would  be  prohibitive. 
Current  efforts  are  extensively  investigating  the  use  of 
additives  to  provide  the  increased  stability.  The  goal  of  these 
programs  is  to  increase  the  maximum  fuel  operating 
temperatures  at  the  injector  nozzle  by  100°  F  from  the  current 
design  limits.  Some  additives  have  been  developed  to  raise 
the  thermal  stability  limits,  but  they  have  other  side  effects. 
Endothermic  and  slurry  fuels  have  been  tested  over  the  years, 
but  it  will  be  a  long  time  before  they  arc  introduced  as  viable 
alternatives  due  to  their  unique  handling  needs  and  corrosive 
nature. 
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EMISSIONS 

In  order  to  survive  in  the  markets  of  the  21st  century,  engine 
manufacturers  must  now  design  military  engines  that  are  also 
adaptable  to  the  civilian  sector  needs.  Prom  a  combustion 
viewpoint,  that  translates  to  lower  emissions.  Many  countries 
in  Europe  have  already  legislated  strict  laws  governing  engine 
emissions.  The  United  States  has  also  passed  regulatory  laws, 
however  the  military  is  still  exempt  from  complying  with 
them.  Included  in  the  restrictions  are  smoke,  unbumed 
hydrocarbons,  carbon  monoxide  and  especially  NOx.  As 
combustor  temperatures  continue  to  rise  so  do  the  NOx  levels. 
This  will  be  a  huge  design  consideration  in  the  future  because 
of  the  diverging  requirements  of  higher  temperatures  versus 
lower  emissions.  Advanced  combustor  flowpaths  must  be 
designed  to  be  smokeless  at  high  FAR's  required  for  the 
military  yet  have  low  NOx  emissions  at  the  lower  max  power 
FAR’s  necessary  for  commercial  designs. 


IGNITION  SYSTEMS 

Innovative  ignition  concepts  such  as  radiative  ignition  designs 
which  incorporate  infrared  and  ultra  violet  lasers  and 
microwave  systems  are  being  developed.  These  systems  are 
desirable  from  the  standpoint  that  they  provide  extremely 
intense,  localized  ignition  sources  that  can  be  strategically 
placed  to  contain  the  reactive  combustion  area  to  the  primary 
zone,  thus  shortening  the  combustor.  These  approaches  are 
quite  different  from  the  previous  plasma  ignitor  designs  which 
needed  an  inert  gas  source  and  a  large  cumbersome  power 
supply  to  operate.  Advances  in  electronics  have  miniaturized 
power  supplies  to  the  point  that  they  can  be  used  on  an 
aircraft  engine.  In  addition,  the  plasma  medium  or  inert  gas 
is  not  required  in  the  recent  designs.  Other  benefits  of  this 
technology  may  include  the  capacity  to  accept  higher 
compressor  exit  Mach  numbers.  The  ability  to  accept  higher 
velocity  flowstreams  would  be  quite  significant  to  both 
component  areas  in  terms  of  weight  and  system  complexity  if 
these  types  of  ignition  systems  were  successful.  Initial 
laboratory  tests  have  also  shown  that  these  systems  would  also 
expand  the  lightoff  and  relight  capability  of  r'."-ent 
combustors  without  fuel  staging. 


DIFFUSERS 

The  advanced  diffusers  of  tomorrow  will  be  encumbered  by 
the  complexities  of  the  future  combustor  dome  configurations . 
Since  many  combustor  designs  are  investigating  multiple  dome 
configurations,  diffuser  designs  must  be  capable  of  introducing 
separate  flowstreams  which  are  balanced  through  several 
passages  to  accommodate  multiple  fuel  injection  planes.  This 
must  be  accomplished  without  significant  amounts  of 
turbulence  and  without  a  great  weight  penalty.  A  complex 
design  of  this  nature  must  utilize  lightweight  materials  such  as 
TiAl  in  order  to  be  practical.  TiAl  development  is  being 
focused  towards  this  need  as  well  as  other  areas,  but  problems 
in  casting  a  one  piece  diffuser  have  not  been  overcome. 

Dump  diffusers  have  recently  demonstrated  good  performance 
in  short  axial  distances.  In  some  designs,  the  dome  and  the 
case  area  arc  also  used  as  secondary  dump  areas  to  continue 
the  pressure  recovery  process.  Future  diffuser  designs  may  be 
aided  by  the  fact  that  new  ignition  systems  may  allow  higher 
velocity  flows  to  enter  the  combustor,  thereby  off  loading  the 
responsibilities  of  the  diffuser.  Hopefully,  the  complications 
caused  by  the  increased  compressor  exit  velocities  will  not 
outweigh  the  benefits. 


SUMMARY 

Technically  speaking,  the  goals  are  apparent.  Higher  CET  is 
the  predominant  intent  of  the  combustion  world  for  both 
military  and  commercial  applications.  The  tools  required  to 
meet  that  intent  arc  becoming  more  useful  and  the  materials 
more  familiar.  As  usual,  a  balancing  act  is  necessary  to  meet 
all  the  goals  and  the  solution  is  never  easy. 

The  future  for  military  aviation  will  be  focused  towards  a 
peace  time  operation  and  will  no  longer  be  the  bountiful 
market  that  it  was  for  the  past  50  years.  The  long  term 
contracts  for  thousands  of  aircraft  and  engines  will  no  longer 
be  the  focus  of  military  services  around  the  world.  Dual  use 
technology  and  technology  transition  is  now  the  "mode  of 
operation”  amongst  both  government  and  industry.  In  the 
military,  more  emphasis  will  be  on  derivative  and  growth 
programs  with  only  a  few  new  center  line  "silver  bullet" 
production  efforts.  In  the  short  term,  the  commercial  sector 
will  now  be  incumbent  to  provide  the  resources  for  future 
engine  development  p Militu.y  uuugcis  will  be 
declining  for  several  more  years,  although  high  technology  is 
supposedly  safe  from  the  budget  knife. 

In  the  combustion  world,  perseverance  is  the  key  to  continuing 
to  meet  the  technical  goals  in  spite  of  the  other  distractions. 
The  combustion  system  of  the  future  may  look  quite  different 
than  the  current  designs.  A  complete  non-metallic  design  with 
a  unique  multipoint  fuel  injection  system  and  a  radiative 
ignitor  may  be  the  ultimate  configuration  of  the  future. 
Sooner  or  later  the  inventions  will  be  developed  to  allow  the 
goals  to  be  reached.  As  mentioned  above,  there  are  many 
new  ideas  coming  to  address  old  problems.  The  future  is  full 
of  promise  as  the  21st  century  approaches. 
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Discussion 

Question  I.  L.  Fottner 

Could  you  comment  on  the  trend  of  combustor  exit  temperature  with  time?  Will  there  be  a  limit  on  this  temperature?  When  will 
it  be  reached? 

Author’s  Reply 

There  are  two  major  limiting  factors  to  the  maximum  achievable  exit  temperature.  One  is  material  temperature  and  the  other  is 
the  fuel  chemistry  of  current  kesosene  based  gas  turbine  fuels.  Fuel  chemistry  will  probably  remain  constant,  therefore  the 
maximum  temperature  is  approximately  4,100  degrees  F.  Material  temperature  capability  is  limited  to  approximately  3,000 
degrees  F  using  ceramic  matrix  composites.  Carbon/carbon  material  is  the  only  known  candidate  that  has  the  capability  to  reach 
4,100  degrees  F.  The  major  problem  is  the  inability  to  develop  an  oxidation  coating  that  has  a  life  of  more  than  10  to  20  hours. 
Our  plans  for  stoichiometric  combustion  have  slipped  by  at  least  10  years  because  of  the  lack  of  a  suitable  material. 

Question  2.  T.  RosQord 

Can  you  expand  your  comments  on  innovative  ignition  system  needs? 

Author’s  Reply 

Ignition  system  involvement  in  current  combustion  systems  is  currently  limited  to  initial  lightoff  and  to  help  prevent  blowout 
during  transient  operation.  Radiative  ignition  systems  could  change  the  method  by  which  ignition  systems  are  utilized.  A 
radiative  system  could  be  used  in  a  continuous  manner  to  burn  in  an  unstable  flowfield,  eliminating  heavy  two  stage  fuel  delivery 
systems  and  possibly  shortening  the  combustor’s  axial  length.  Initial  tests  have  shown  that  microwave  and  ultraviolet  systems 
have  this  capability. 
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SUMMARY 

Even  with  it’s  marginal  performance,  Concorde  has 
demonstrated  that  Supersonic  Civil  Aircraft  are  a 
practical  proposition. 

A  second  generation  machine  will  need  sufficiently 
good  performance  for  a  robust  operating  system  that 
can  provide  reliable  frequent  service  with  competitive 
economics.  Additionally  the  propulsion  system  must  be 
acceptable  environmentally.  That  is  it  must  create 
acceptable  noise  levels  around  airports  and  have 
acceptable  emissions  throughout  its  mission  including 
cruise. 

Whatever  devices  may  be  used  to  improve  the 
acceptability  at  subsonic  flight  conditions,  the  high 
operating  temperatures  at  cruise  can  create  difficult 
targets  for  the  operation  of  the  combustion  system  both 
mechanically  and  in  the  combustion  process  itself. 

While  the  driving  force  is  ever  better  fuel  consumption 
and  weight  to  achieve  economic  viability,  a  future 
supersonic  transport  engine  will  have  cycle 
temperatures  limited  only  by  the  mechanical  integrity  of 
the  major  components.  The  environment  of  the  major 
components  in  modern  gas  turbine  engines  is 
dominated  by  the  air  delivered  by  the  compressor 
system.  Consequently  the  maximum  compression 
temperature  is  governed  by  materials  available  for  the 
turbine  and  compressor  discs. 

The  continued  improvement  of  the  disc  materials  leads 
to  combustion  inlet  temperatures  beyond  today's 
experience  and  sets  difficult  targets  for  combustion 
system  emissions.  This  is  worsened  by  the 
requirement  being  at  cruise  and  therefore  maintained 
for  the  major  part  of  the  mission.  Problems  such  as 
creep  and  oxidation  of  metallic  parts  are  also 
considered. 

INTRODUCTION 

The  history  of  air  travel  has  been  one  of  increasing 
speed,  efficiency  and  reliability.  A  speed  plateau  of  jet 
engine  powerea  aircraft  carrying  people  and  goods  at 
Mach  numbers  in  the  range  B  to  .85,  was  first  reached 
in  the  1950’s  and  has  remained  to  the  current  day,  see 
Figure  1. 

Higher  speeds  are  perfectly  feasible  as  experimental, 
military  and  civil  aircraft  have  shown.  Both  Concorde 
and  the  Russian  TUI 44  entered  service  in  the  mid 
1970's  and  Concorde  is  still  in  service  today.  However, 
no-one  would  argue  that  Concorde's  costs,  reliability 
and  environmental  impact  would  be  acceptable  with  a 
large  fleet. 

This  paper  reviews  the  improvements  in  technology  that 
are  available  and  would  be  required  for  future 
supersonic  transport  propulsion  and  identifies  the 
technology  improvements  which  must  be  pursued  to 
this  end  with  particular  reference  to  combustion. 


Supersonic  Flight  Requirements 


A  dominant  feature  of  the  practicality  of  supersonic 
cruising  flight  is  the  necessity  for  good  fuel 
consumption.  As  in  subsonic  aircraft  jet  engines 
improvements  have  taken  advantage  of  better 
materials,  cooling  system  technologies,  component 
efficiencies  and  the  balance  between  these 
technologies  at  any  particular  time.  The  most 
fundamental  difference  with  the  propulsion  systems  for 
supersonic  flight  is  the  increase  in  temperature  of  the 
air  entering  the  main  turbomachinery  components  of  the 
engine.  This  high  temperature,  due  to  the  high  relative 
speed  of  the  aircraft,  brings  with  it  high  pressure.  That 
is  a  substantial  part  of  the  compression  required  in  the 
engine  is  actually  carried  out  by  the  intake. 
Furthermore  because  this  compression  has  already 
occurred  prior  to  any  rotating  machinery  being  involved 
there  is  apparently  potential  to  carry  out  compression  to 
pressure  ratios  beyond  that  achieved  in  typical 
subsonic  propulsion  units  by  this  additional 
compression  in  a  large  variable  geometry  intake.  The 
consequence  of  this  is  that  temperature  becomes  the 
limiting  feature  at  cruise  on  a  supersonic  engine,  Figure 
2,  whilst  it  is  not  on  a  subsonic  engine. 
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Of  course  the  temperature  limit  also  applies  to  subsonic 
engines  but  this  normally  limits  the  pressure  ratio 
achievable  during  the  take  oil  or  climb  phases  ol  Might 
The  increased  ratio  ol  cruise  thrust  to  take  oil  thrust 
that  supersonic  aircraft  require,  due  primarily  lo  the 
poorer  system  lilt  drag  ratio  at  cruise,  see  Figure  3,  also 
contributes  to  this  change  in  critical  condition. 


This  then  highlights  the  major  differences  in  engine 
operation  for  supersonic  cruise  compared  with  subsonic 
cruise,  that  is  the  core  ol  the  engine  is  operating  at  high 
temperatuies  at  cruise  and  additionally  all  the  sources 
ol  air  available  to  it  are  relatively  hot.  (Recall  that  on 
Concorde  the  external  skin  ol  the  aeroplane  is  at 
temperatures  up  to  that  of  boiling  water). 
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For  essentially  the  same  reason 
consumption)  good  installed  propulsion  efficiency  is 
required.  Because  axial  flow  turbomachinery  systems 
operate  efficiently  with  subsonic  axial  flow,  supersonic 
propulsion  systems  require  a  large  diffuser  intake, 
usually  of  variable  geometry  and  similarly  a  large 
variable  nozzle  system  to  re-accelerate  the  flow.  Both 
these  components  have  a  large  size  and  weight  and 
add  significantly  to  the  drag.  This  is  particularly  true  of 
the  intake  system,  see  Figure  4  which  illustrates  the 
Concorde  installation. 

This  extra  penalty  of  the  intake  and  nozzle  system  over 
and  above  the  installation  requirements  for  subsonic 
operation  leads  to  an  optimum  propulsion  system  of 
very  much  higher  specific  thrust.  Such  systems  are  very 
noisy  during  subsonic  operation  near  airporls  as  has 
been  demonstrated  by  Concorde. 

The  efficiency  ol  a  propulsion  system  at  cruise  can  be 
broken  out  into  those  inefficiencies  due  to  the  thermal 
limits  of  the  cycle,  the  component  efficiencies  of  the 
engine,  and  the  propulsion  efficiency.  See  Figure  5, 

For  bypass  engines  (as  most  modem  jet  engines  are)  it 
is  convenient  to  be  able  to  control  the  propulsive 
efficiency  by  changes  to  the  LP  system  design  only  and 
this  uncouples  this  particular  aspect  from  the  major 
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design  parameters  ol  the  core  engine.  Consequently  it 
is  convenient  here  to  regard  the  design  and  technology 
requirements  on  the  LP  system  as  a  subject  that  can 
be  dealt  with  elsewhere  as  indeed  it  is  in  for  instance 
reterences  1  &  2  and  concentrate  solely  on  the  core 
engine  parameters  required  to  improve  the  thermal 
efficiency  ol  the  system. 

Specific  Performance  Targets  for  Advanced 

Supersonic  Transport 

Propulsion 

Concorde  is  the  only  example  cf  continuous  effective 
operation  at  supersonic  cruise  conditions  within  the 
normal  constraints  ol  airline  operation.  Even  though 
with  a  range  ol  some  3,400  nautical  miles,  it  only 
operates  regularly  across  the  Atlantic,  it  has 
demonstrated  many  times  that  it  can  operate  using 
normal  facilities  to  almost  any  international  airport  in  the 
world. 

While  this  range  met  the  design  intent  of  the  aircraft, 
Figure  6  shows  a  future  aircraft  would  need  a  significant 
increase  in  its  capability  to  a  range  ot  at  least  10,000 
km  tor  regular  worldwide  operation.  Thus  a  second 
generation  supersonic  transport  requires  an  increase  in 
range  ol  around  50%  to  which  the  propulsion  system 
will  need  to  contribute  a  significant  proportion. 


Figure  6  Distribution  of  long  range  routes 


Figure  4  Olympus  powerplant  Installed  on  Concorde 
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Figure  3  has  shown  that  the  typical  lift  /  drag  ratios 
proposed  lor  supersonic  transports  are  only  some  30- 
35%  better  than  Concorde.  This  means  that  the 
propulsion  system  must  achieve  at  least  another  10% 
m  Improved  fuel  consumption  beyond  that  of  the 
Olympus. 

Practical  Limits  on  Thermal  Performance 


The  history  of  improved  jet  engine  performance  is  tied 
very  closely  to  the  availability  of  improved  temperature 
capability  of  the  materials  used  for  some  of  the  major 
components.  High  speed  rotating  components  such  as 
compressor  drums  and  turbine  discs  must  sustain  high 
levels  of  stress  at  the  highest  pressure  parts  of  the 
cycle  where  the  only  convenient  heat  sink  Is  the  air 
delivered  by  the  compressor  system.  Thus  the 
temperature  at  compressor  exit  is  governed  by  the 
material  temperature  capability  for  these  components 
and  Figure  7  illustrates  the  materials  available  and  the 
projections  in  the  next  five  to  ten  years. 
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Metal  alloys  for  high  speed  propulsion 

systems 

From  this  picture  it  is  quite  clear  that  it  is  unlikely  that 
we  will  have  materials  with  good  mechanical  properties 
beyond  a  temperature  of  around  670-700°C.  This  can 
be  translated  into  a  temperature  limit  of  950K. 


Nearly  as  important  as  the  compressor  exit  temperature 
is  the  stator  exit  temperature  of  the  first  HP  turbine 
stage  in  the  jet  engine  since  this  is  the  temperature  of 
the  gas  stream  in  which  the  highly  stressed  HP  turbine 
blade  needs  to  operate.  The  sustainable  temperature 
here  can  only  be  established  as  the  result  of  a 
compromise  between  available  material  properties, 
acceptable  turbine  blade  life  (recall  that  the  blade  is 
operating  hot  at  cruise  unlike  a  subsonic  engine)  the 
cooling  technology  and  airflow  available,  and  the 
efficiency  and  the  specific  power  output  of  the  core. 
Preliminary  assessments  within  Rolls-Royce  and 
SNECMA’  of  likely  acceptable  stator  outlet 
temperatures  indicate  that  1650K  could  give  a 
reasonable  balance  between  life,  specific  power  output, 
and  therefore  size  and  weight  of  the  core  engine. 
Furthermore  as  shown  in  Figure  8,  this  limit  of  1650K  at 
Mach  2  is  a  little  beyond  the  optimum  sfc  point,  ie  is 
also  a  good  compromise  between  thermal  efficiency 
and  weight  of  the  core  engine. 


Combustion  Systsm  Mechanical  Considerations 


While  the  stator  outlet  temperature  1650K  derived  as 
recounted  above  does  not  seem  an  outstanding 
temperature  since  many  engines,  civil  and  military,  run 
to  these  temperatures  today,  the  compressor  exit 
temperature  of  950K  Is  rather  more  significant.  Within 
Rolls-Royce  over  the  years  our  experience  has  built  up 
with  increasing  compressor  delivery  and  HP  turbine 
rotor  entry  temperatures  as  illustrated  in  Figure  9,  and 
the  introduction  of  improved  cooling  techniques  and 
Improved  alloys,  (we  have  moved  from  wrought  to 
cast),  have  allowed  us  to  continue  this  process  as  we 
project  into  the  future. 


Figure  9  Advances  In  HP  turbine  Inlet  temperatures 


Indeed  this  cruise  requirement  of  compressor  exit 
temperature  of  950K  combined  with  a  turbine  rotor  entry 
temperature  of  1650K  is  somewhat  less  arduous  than 
existing  advanced  projects  are  already  experiencing. 
There  is  a  difference  of  course  in  the  time  for  which 
these  temperatures  have  to  be  sustained  but  as  the 
major  problems  in  combustion  systems  are  associated 
more  with  cyclic  behaviour  rather  than  being  time 
dependent  then  one  does  not  observe  a  fundamental 
problem. 

However,  weight  is  an  ever  present  enemy  and  as  will 
be  argued  in  the  following  sections  of  this  paper  a 
double  annular  combustion  system  is  perceived  as 
being  a  likely  requirement.  Some  preliminary 
assessments  have  been  carried  out  of  combustion 
chamber  weight  and  the  influence  of  the  construction 
type  and  the  materials  used  is  simply  summarised  in 
Figure  10  where  the  relative  weights  of  different 
construction  systems  are  compared. 

Footnote:  *  Rolls-Royce  and  SNECMA  are  partners  in 
Propulsion  studies  lor  future  Supersonic  Transports. 
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Figure  10  Combustion  chamber  materials  and 
constructions 


The  figure  uses  h  double  annular  system  with  cast 
metal  tiles  as  a  datum.  Today's  conventional  single 
annular  system  developed  as  shown  on  the  previous 
figure  is  only  70%  of  this  woight.  Changing  the  tiles  to 
ceramic  matrix  composite  would  it  is  believed  save 
some  10%  of  the  weight.  A  lighter  alternative  would  be 
to  use  existing  construction  systems  but  using  ceramic 
matrix  composites  for  the  barrel.  Making  the  head  also 
in  ceramic  composite  potentially  could  produce  a 
system  with  a  better  weight  than  today's  conventional 
single  annular  system.  Thus  even  though 
demonstrated  technologysuggests  that  the  temperature 
being  required  in  the  combustion  system  are  within  our 
capability  we  find  that  with  the  imposition  of  stringent 
emissions  restrictions  some  considerable  advances  in 
technology  of  construction  and  the  materials  used  will 
be  needed  to  reduce  the  weight. 

Atmospheric  Contamination 

There  are  already  regulations  that  restrict  the  amount  of 
carbon  monoxide  and  unburnt  hydrocarbons  that 
aircraft  engines  can  discharge  in  the  vicinity  of  airports. 
There  are  ICAO  recommended  proposals  for  restricting 
NOx  generation  and  although  the  effectiveness  of  these 
measures  is  open  to  dispute,  they  are  already  applied 
in  some  countries,  and  provide  an  Industry  Standard. 

At  this  time  there  are  very  serious  discussions  about 
the  impact  that  emissions  from  jet  engines  can  have  in 
the  higher  atmosphere  and  particularly  in  the 
stratosphere,  for  example  Ref  3.  Figure  1 1  gives  a 
pictorial  illustration  of  the  regions  of  the  atmosphere 
and  the  effect  of  industry  and  transport  systems  on  the 
contaminants  which  are  introduced  by  aircraft  engines. 
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Figure  1 1  The  Atmosphere  and  emissions 

Up  to  1  kilometre  altitude  there  is  a  boundary  layer  of 
the  atmosphere  to  which  numerous  sources  contribute 
with  a  very  small  amount  from  aircraft.  Above  that 
boundary  layer  there  is  a  migration  through  natural 
atmospheric  processes,  sometimes  violent,  to  the  level 


of  the  tropopause.  Above  the  tropopause  in  the 
stratosphere  the  exchange  is  a  much  slower  ptocess. 
The  altitude  of  the  tropopause  varies  and  Is  somewhere 
in  the  range  9*17  kilometres,  a  usual  standard  is  ti 
kilometres  and  most  long  range  subsonic  aircraft  fly 
high  enough  to  achieve  the  smooth  conditions  in  the 
vicinity  and  above  the  tropopause  and  thus  are  usually 
in  the  range  of  altitude  8  kilometres  to  13  kilometres  for 
tong  range  flights. 

Supersonic  transport  aircraft  on  the  other  hand  will 
cruise  In  the  range  1  ti-20  or  even  25  kilometres  altitude, 
that  is  in  the  regions  of  the  so-called  ozone  layer  where 
the  ozone  concentrations  are  sufficiently  high  to  act  as 
ultra-violet  absorbers  and  protect  the  lower  altitudes. 

Indeed  in  the  early  days  of  Concorde  there  was 
concern  that  the  aircraft  would  be  flying  in  a  region  of 
higher  ultra-violet  with  potential  dangers  for  crew  and 
passengers,  but  as  the  windows  on  Concorde  absorb 
sufficient  of  the  ultra-violet,  this  has  not  proved  to  be  a 
major  problem. 

Supersonic  transport  aircraft  cruising  typically  at  18 
kilometres  where  the  ozone  concentration  is  important, 
therefore  need  to  keep  NOx  emissions  somewhat  lower 
than  those  for  subsonic  aircraft,  engines  and  this  is 
compounded  by  the  fact  that  the  supersonic  transport 
engine  combustor  operates  at  temperatures 
substantially  higher  at  cruise  than  the  subsonic  engines. 

Whilst  there  is  not  sufficient  understanding  or  data 
available  to  deduce  hard  and  fast  rules,  considerations 
such  as  these  have  lead  to  a  target  being  set  to  reduce 
the  El  NOx  from  SST  combustion  systems  to  5g/kg  fuel. 
Figure  12  summarises  the  approach  as  proposed  by 
NASA,  Ref  4  and  Figure  13  illustrates  the  improvement 
in  Technology  required  compared  to  conventional 
systems  and  the  advanced  proposals  tor  subsonic 
aircraft.  Clearly  a  considerable  step  change  in 
technology  will  be  required. 


•  Aircraft  will  cruise  in  the  stratospheric  ozone  layer 

•  Improvod  combustion  technology  required  lor  acceptable  emissions  (ie  5  El) 

•  Current  environmental  assessment  from  NASA  Atmospheric  Eflects  of 
Stratospheric  Aircraft  (AESA)  programme 

1%  ozone  depletion  predicted  lor  homogeneous  chemistry  only 

Initial  results  including  heterogeneous  chemistry  show  0.2% 
ozone  depletion 

(Scenario  :  at  northern  mid  •  latitudes,  600  aircraft  cruising  below 
20km,  El  ■  5g  /  kg) 


Figure  12  Environmental  impact  of  HSCT  -  current 
status 


Figure  13  Cruise  Nox  emissions  and  combustor 
technology 
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Various  approaches  have  been  maOe  to  solve  the 
problem  or  how  to  reduce  NOx  formation  and  yet  allow 
the  mean  operating  temperature  to  Increase,  Figure  14 
illustrates  the  way  the  NOx  production  rate  varies  as  the 
local  fuel  air  ratio  increases  and  produces  higher  local 
temperatures.  The  maximum  rate  occurs  where  the 
fuel  air  ratio  is  stoichiometric  and  the  maximum  flame 
temperature  of  around  3,000“  is  experienced  locally. 


Figure  14  Low  Nox  combustor  principles 


As  the  fuel  air  ratio  differs  from  the  stoichiometric  value, 
either  greater  or  smaller,  the  temperature  following 
combustion  and  therefore  the  NOx  production  will 
locally  decrease.  Obviously  a  combustion  system 
which  avoids  having  near  stoichiometric  mixtures 
anywhere  within  the  burning  zone  stands  the  best 
change  of  achieving  low  rates  of  NOx  production. 

This  can  either  be  done  by  having  a  very  uniform 
mixture  of  fuel  and  air  and  always  keeping  well  away 
from  the  maximum  temperatures  of  stoichiometric 
mixtures,  or  alternatively  having  locally  very  rich  (over 
stoichiometric)  zones  where  the  initial  burning  takes 
place  followed  by  the  rapid  mixing  to  a  lean  fuel  air  ratio 
condition  for  the  remainder  of  the  burning.  The  region 
where  the  mixing  takes  place  being  traversed  rapidly  in 
a  minimum  time.  These  two  approaches  are  described 
as  the  premixed,  pre-vaporised  (uniform  mixing)  s/stem 
and  the  rich  burn-quick  quench-lean  bum  system, 
respectively. 

Vet  a  third  possibility  is  to  premix  the  fuel  and  air  and 
allow  the  reaction  to  take  place  stably  in  contact  with  a 
catalytic  device.  These  three  systems  are  illustrated  in 
basic  terms  by  the  three  diagrams  in  Figure  15. 
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Figure  15  Low  Nox  combustor  systems 


high  losses  unacceptable  to  high  speed  aircraft 
installations. 

The  rich-burn-quick-quench-lean-burn  system  can  suffer 
by  producing  carbon  in  the  rich  burning  process  which 
It  is  difficult  to  subsequently  burn  in  the  cooler 
temperatures  of  the  lean  burn  phase  without  fairly  long 
lengths  or  large  dimensions  of  that  part  ol  the 
combustor  system.  While  these  problems  may  be 
soluble  with  moro  research  the  presently  favoured 
approach  is  to  have  a  pre-vaporised  fuel  premixed  to 
provide  a  nearly  uniform  lean  burning  system,  Ref  5. 

Attempts  to  develop  lean  premixed  designs  during  the 
1 970's  encountered  serious  problems  due  to  auto- 
ignition,  ignition  and  flashback  resulting  in  mechanical 
failure.  In  some  cases  inadequate  premixing  still 
resulted  in  high  NOx  emissions,  Research  is  in  hand  at 
Rolls-Royce,  SNECMA  and  elsewhere  to  develop 
suitable  premixers  tor  high  power  operation.  Early 
indications  from  low  pressure  testing  are  encouraging 
but  much  work  remains  to  be  done  before  a  design  can 
be  committed  to  an  SST  engine  protect.  The  resulting 
combustor  will  need  to  operate  at  both  low  and  high 
power  conditions.  The  aim  is  to  produce  a  high  power 
premixer  which  gives  acceptable  performance  with 
regard  to  relighting  efficiency  and  stability  at  low  power 
settings,  if  successful  this  would  lead  to  the  simplest 
possible  combustor  design  However,  it  is  almost 
certain  that  fuel  staging  will  be  required  to  achieve 
acceptable  fuel  air  ratios  in  the  premixer  ducts  at  all 
engine  power  settings.  More  probably  separate  low 
power  operation  fuel/air  modules  may  be  required 
which  do  not  employ  premixing.  These  would  not  yield 
low  NOx  emissions  at  high  power  conditions  and  so 
would  have  to  be  turned  off.  In  this  case  the  module  air 
would  have  to  be  diverted  into  the  high  power 
premixers  for  NOx  control  and  hence  mechanical 
variables  or  flow  diverters  would  be  required.  Thus  the 
resultant  developed  combustor  lor  a  future  SST  aircraft 
engine  could  have  both  staged  fuel  ana  staged  air  to 
meet  both  ultra  low  NOx  at  cruise  and  low  power 
engine  operating  requirements. 

CONCLUDING  REMARKS 

In  this  paper  we  have  reviewed  briefly  the  reasons  why 
the  propulsion  system  for  a  supersonic  transport  aircraft 
needs  to  operate  with  high  temperatures  in  the 

combustor  system  and  the  significance  of  those 

conditions  to  the  design  and  operation  ot  the 
combustor.  Whilst  the  need  to  operate  with 
temperatures  of  nearly  1,000°K  at  inlet  to  the 

combustor  and  some  16-1700°K  at  entry  to  the  turbine 
rotor  does  not  in  itself  pose  particular  mechanical 

problems  on  the  design  of  the  combustor.  The 
combination  of  these  temperatures  and  the  need  to 
save  weight  in  a  staged  (double  annular)  combustion 
system  would  be  greatly  benefited  by  the  use  of 
ceramic  matrix  composite  materials.  The 
complementary  requirement  for  ultra  low  NOx  in  the 
exhaust  gases  from  the  combustor  whilst  pushing 
beyond  what  has  been  achieved  is  nevertheless  seen 
as  a  possible  development  provided  that  technologies 
associated  with  maintaining  suitable  fuel  air  mixture 
preparation  over  the  full  power  range  whilst  also 
controlling  the  flame  to  avoid  ignition  flashback  can  be 
developed.  Research  towards  these  objectives  is  in 
hand  in  many  parts  of  the  world  at  this  time,  including 
activities  with  which  Rolls-Royce  is  closely  associated. 


Experience  has  shown  that  it  is  very  difficult  to  identify 
suitable  catalysts  which  can  survive  the  very  high 
temperatures  and  high  gas  flow  erosion  conditions  that 
exist  in  gas  turbine  combustor  systems  for  aircraft 
engines,  consequently  this  style  of  control  is  not 
favoured.  Note  the  alternative  use  of  catalysts  to  'clean 
up’  the  gas  at  exit  from  the  turbine  system  (paralleling 
automobile  systems)  would  give  larger  volumes  and/or 
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1.  INTRODUCTION 

The  gas  turbine  industry  is  directing 
particular  attention  tc  very  low-NOx 
combustors,  whether  for  aircraft  or 
land-based  CCGT  systems.  These  low-NOx 
combustors  frequently  use  liquid  fuels 
or  natural  gas  burning  under  very  lean 
premixed  conditions  with  air  or  under 
rich-lean  conditions,  although  only  the 
first  case  is  studied  here.  In  land 
based  systems,  diluted  steam  or 
nitrogen  are  sometimes  injected  into 
the  combustion  chambers  to  reduce  flame 
temperature.  The  NOx  emissions  from 
such  systems  are  the  product  of  three 
chemical  mechanisms  which  are 
interrelated:  the  hydrocarbon  prompt- 
NO,  the  thermal -NO  (extended  Zeldovich 
mechanism)  and  the  nitrous  oxide  route 
to  NO.  Formation  of  N02  from  NO  also 
occur,  as  well  as  emission  of  carbon 
monoxide  and  unburnt  hydrocarbons. 

When  the  fuel -oxidant  proportion 
decreases  towards  leaner  conditions, 
flame  temperatures  are  lowered, 
resulting  in  the  total  NO  being  reduced 
and  the  thermal -NO  contribution  greatly 
diminished  to  the  benefit  of  the 
remaining  two  mechanisms  of  NO 
formation.  Whilst  knowledge  of  the 
elementary  reactions  and  their  chemical 
kinetics  concerning  methane  and  simple 
hydrocarbons  combustion  exists  now  for 
a  number  of  years,  its  use  for  computer 
modelling  is  limited  to  simple  flow 
dynamics  configurations.  Nevertheless, 
understanding  of  such  combusting  flows 
under  a  wide  range  of  experimental 
conditions  allows  for  analogies  or 
speculations  with  more  complex  actual 
systems.  Such  understanding  can  be 
achieved  by  means  of  1-D  laminar 
premixed  flame  modelling,  with  a  full 
chemical  mechanism  which  incorporates 
the  three  routes  of  NO  formation,  like 


that  proposed  by  Miller  and  Bowman  (1). 
Complementary  to  this  understanding  is 
the  modelling  of  the  actual  combustion 
system  using  a  full  description  of  the 
fluid  dynamics  coupled  with  a  reduced 
chemical  scheme,  which  is  then  compared 
against  the  first  model. 

The  object  of  this  investigation  is  to 
evaluate  the  relative  importance  of  the 
three  mechanisms  of  NO  formation  in 
lean  premixed  methane-air  combustion 
with  increasing  pressure  using  the  1-D 
plug  flow  package  PREMIX,  and  to  test 
the  validity  of  a  3-D  model  with  a 
global  chemical  mechanism  against  the 
1-D  model  in  the  atmospheric  pressure 
case.  Methane  is  chosen  because  it  is 
the  only  mechanism  which  is  reasonably 
well  known  and  is  a  good  guide  to  the 
behaviour  of  other  hydrocarbons.  The 
mixture  ratio  chosen  is  richer  than 
that  in  lean  gas  turbines,  but  the 
combustion  of  this  mixture  with  the  low 
preheat  gives  realistic  gas  turbine 
final  flame  temperatures.  Conditions 
of  N02  formation  are  also  analysed  in 
the  1-D  model  and  results  extrapolated 
to  the  case  of  gas  turbines. 

2.  THE  CHEMICAL  MODELS  USED  IN  THE  1-D 
MODEL  AND  THE  3-D  MODEL 

In  order  to  predict  NOx  formation  it  is 
necessary  to  describe  the  fluid  flow 
and  chemical  reactions.  It  is  possible 
to  set  up  these  equations  in  a 
comprehensive  way  for  1-D  combustion 
Including  NOx  prediction  by  using 
PREMIX  as  in  the  next  section.  The 
limitations  of  current  computers 
preclude  the  use  of  such  extensive 
chemical  mechanisms  in  complex  flow 
systems  unless  cost  is  not  of 
significance.  In  this  section,  the 
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chemical  model  used  in  the  Sandia 
PREMIX  is  discussed,  and  the  simplified 
mechanism  of  methane  combustion 
together  with  the  derivation  of  the 
global  equat  ions  of  prompt  and  thermal  - 
NO  utilised  in  the  post-processor  of 
NOx  in  the  CFD  package  presented 
subsequently. 

The  chemical  mechanism  chosen  in  the  1- 
D  model  of  a  laminar  premixed  methane- 
air  flame  at  different  pressures  is 
that  of  Miller  and  Bowman  (1)  from 
which  the  most  insignificant  species 
were  eliminated.  It  modelled  the 
evolution  of  24  species  (CH.,  CH-,  CH2, 
CH,  CH20,  HCO,  C02,  CO,  H2,  H,  O'  0, 

OH,  H02,  H20,  N2,  N,  NO,  HCN,  NCO,  NH, 
CN,  N20,  n62)  using  79  reactions  and 
their  corresponding  reverse  reactions 
throughout  the  same  length  of  domain  of 
10  cm.  Two  modes  of  burning  were 
computed  of  which  the  first  one  was  the 
freely  propagating  adiabatic  flame, 
which  calculates  the  temperature  rise 
and  the  adiabatic  flame  temperature, 
the  burning  velocity  and  the 
concentrations  of  the  above  species  as 
functions  of  distance.  The  second  mode 
was  the  plug  flow  flame  to  which  a 
chosen  temperature  profile  and  an 
incoming  flow  rate  of  reactant  mixture 
are  imposed,  bearing  in  mind  the 
resulting  computed  burning  velocity 
cannot  exceed  the  adiabatic  one.  In 
this  case,  the  temperature  profile 
imposed  was  taken  from  the  prediction 
of  the  3-D  model  at  the  location  of  the 
highest  temperature,  and  the  mass  flow 
rate  of  reactants  chosen  to  produce  a 
burning  velocity  equal  to  the  adiabatic 
one. 

An  additional  mechanism  suggested  by 
Michaud  et  al  (2)  was  employed  in  the 
same  conditions  as  before  and  also  in 
the  modelling  of  a  plug-flow  flame  of 
fuel-air  equivalence  ratio  0.77  (5)  and 
at  atmospheric  pressure.  This 
mechanism,  based  on  the  Miller  and 
Bowman  one,  indicated  a  greater  role  of 
the  NO  formed  by  oxidation  of  N.O 
especially  through  an  excited  state  of 
0  atom  (O^D)  which  displays  faster 
kinetics  than  the  0  atom  in  its  ground 
state.  This  mechanism  included  the 
species  CH30,  H202  and  0^  in  addition 


to  the  above  mentioned  species,  and  was 
defined  by  96  reactions. 

In  the  following  is  the  approach  taken 
in  the  3-D  model  using  the  FLUENT 
version  3.03  CFD  package  by  mean*.,  of 
reduced  mechanisms  ami  glooa!  equations 
for  methane  combustion  and  NO  formation 
in  the  atmospheric  pressure  case.  A 
global  reaction  for  methane  oxidation 
can  be  used  but  this  spptoach  gives  no 
Information  on  the  important 
intermediate,  CO,  nor  can  it  predict 
the  flame  temperatures  correctly.  This 
can  be  partially  circumvented  by  using 
a  two-step  reaction  scheme  based  on  the 
reactions 

CH4  +  1.5  02  CO  +  2H20  (1) 

or  in  the  case  of  higher  hydrocarbons 

CxHy+(V2  +  V4)02 - ♦  xC0+V2  H20  (la) 

followed  by 

CO  +  0.5  02  -Z-*  C02  (2) 

which  have  been  used  by  a  number  of 
researchers,  e.g.  Dryer  and  Glassman 
(3)  and  Dupont  et  al  (4,  5) . 

Reaction  (1)  effectively  incorporates 
the  two  steps 


ch4  +  o2  — ♦  CO  +  h2o  +  h2 

(la) 

H?  +  0.5  02  -+  H20 

(lb) 

which  in  turn  include  all  the 
elementary  reactions.  Reaction  (2) 
truncates  the  CO  plus  hydroxyl 
chemistry  and  as  such  the  CO 
concentration  can  be  used  if  necessary 
as  an  indicator  of  the  degree  of 
radical  overshoot;  in  particular  it  can 
be  used  to  calculate  oxygen  atom 
concentration.  We  then  couple  this 
two-step  mechanism  with  a  post¬ 
processing  computational  stage  for  NOx 
prediction.  NOx  can  be  formed  by  both 
the  thermal  route  (including  0  atom 
overshoot)  or  by  the  prompt-NO  route 
involving  hydrocarbon  radicals  reacting 
directly  with  N?  and  to  a  lesser  extent 
via  a  nitrous  oxide  intermediate.  As 


the  flame  temperature  Is  reduced  the 
prompt  route  dominates  and  that  Is  the 
case  In  the  present  Investigation. 

The  thermal -NOx  formation  mechanism  is 
fairly  well  understood  but  the 
difficulty  is  applying  It  with 
precision.  The  reactions  involved  are: 


0  +  Nj,  w  NO  +  N 


N  +  02  *  NO  +  0 


(3) 

(4) 


N  +  OH  *  NO  +  H 


(5) 


Thus  in  stoichiometric  and  lean  flames 
the  thermal -NO  formation  rate  may  be 
expressed  by  the  equation: 


d [NO] T 


dt 


*  2k,  [0]  [N~ J 


{ 


1-[N0]2/K[02][N2] 

l+k.[N0]/k4[02]+ks[0H] 


} 


(i) 


where  K  «  (k /k  3)  (k4/k_4)  and  k,  - 
1.8xl014  exp(-3G,370/T)  cm3  mor1  s'1. 
Equation  (1)  assumes  that  the  NO 
formation  rate  w  11  be  dependent  on  the 
local  stable  (i.e.  02,  N2)  and  unstable 
(i.e.  OH  and  0)  species.  Thus  thermal 
NOx  can  be  modelled  with  an  accuracy  of 
t  35%  given  the  information  on  the 
actual  oxygen  atom  and  OH  radical  from 
a  library  data  function  of  the  02 
concentration.  The  effect  of  pressure 
is  that  the  rate  of  formation  of  NO. 
varies  as  the  square  root  of  the  total 
pressure.  This  is  the  relationship 
commonly  assumed  to  predict  the 
pressure  dependence  of  NOx  in  gas 
turbines. 


NO  can  also  be  formed  by  the  prompt-NO 
route  involving  the  sequence: 

Ch  +  N2  *  HCN  +  N  (6) 

followed  by  reaction  (4)  and  the 
oxidation  of  HCN  subsequently  leading 
to  NO  and  N,,  the  latter  predominating 
under  these' lean  reaction  conditions. 


If  the  reaction  rate  is  controlled  by 
equation  (6)  then  the  concentration  of 
prompt-NO,  [N0]Pr,  is  given  by 

d[NO]Pr 

-  C0  k6  [CH]  [Nj]  (11) 

dt 

where  C0  -  2  in  very  lean  flames  when 
both  the  HCN  and  N  can  form  NO.  In 
stoichiometric  and  rich  mixtures  it 
takes  a  value  between  1  and  2. 

If  [CH]  is  formed  by  the  steps 


CH4+0H  *  CH3+H20  etc.  -+ -*  CH  (7,8,9) 
and  if  the  following  reactions 

OH  +  OH  *  H20  +  0  (10) 

and 

02  *  20  (11) 

are  in  partial  equilibrium,  then  it  ran 
be  shown  that 


d[N0]Pr  k6  K7  Ke  K9  Kn3'4 
dt  *  K,03/2  [  H20  ] 3/2 


[N2][CH4] (iii) 


There  are  a  number  of  uncertainties: 
firstly  whether  radical  equilibrium  is 
maintained,  secondly  the  conversion 
efficiency  of  HCN  to  NO  and  thirdly  the 
value  of  k6.  There  are  considerable 
doubts  about  k6  and  recent  estimates 
cover  a  relatively  wide  range  of  values 
(see  ref.  5),  at  a  temperature  of  1300 
K,  this  implies  relative  rates  of  1,  3 
and  7  for  these  rate  expressions 
respectively.  The  form  of  equation 
(iii)  is  that  the  rate  of  formation  of 
NOPr  is  proportional  to  total  pressure. 


Equation  (iii)  is  similar  to  the 
expression  obtained  experimentally  by 
De  Soete  (6)  and  with  the  same  pressure 
dependence.  We  have  modified  this  to 
the  form  given  below  for  methane  as 
fuel  reactant,  namely 

d  [  N°  ]  j>r  „  - 

- 6.4xl06  f  [07]a[N7][CH,]P  (iv) 

dt 

x  exp(-Ea/RT) 
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However  equation  (1v)  only  applies  to 
high  temperature  flames  and  a 
modification  of  this,  based  on  reaction 
orders  calculated  from  experimental 
composition  data,  must  be  applied  In 
the  lower  temperature  slower  reacting 
regime. 

The  overall  activation,  Ea,  In  equation 
(1v),  can  take  two  values  corresponding 
to  a  low  temperature  range  and  a  high 
temperature  one,  namely  for  T  <  1920  K 
Ea  -  177.7  kJ/mol,  and  for  T  >  1920  K 
Ea  -  303.1  kJ/mol .  Such  values  of  Ea 
are  based  on  experimental  data  as 
described  in  (5). 

The  value  of  the  factor  f  for  aliphatic 
fuels  is  given  by  f  -  4.75  +  Cl  n  -  C2 
<t>  +  C3  02  -  C4  4*  where  Cl  to  C4  are 
constants,  n  is  the  number  of  carbon 
atoms  in  the  hydrocarbon  fuel  and  d  the 
fuel/air  equivalence  ratio.  The  values 
of  Cl  to  C4  are  8.19  x  10-2,  23.2,  32 
and  12.2  respectively.  Th°se  values 
are  valid  for  aliphatic  alkane 
hydrocarbon  fuels  and  for  <j>  between 
0.62  -  1.43  and  possibly  for  even 
leaner  mixtures. 

In  practice  the  methane  (or  other 
hydrocarbon)  and  oxygen  exponents  are 
variable,  or  and  0,  the  reaction 
orders,  can  take  values  respectively 
from  0  to  1  for  02,  and  0.2  to  1  for 
CH4.  At  low  temperatures  (i.e.  <  1000 
K)  the  reactivity  of  CH4  with  O.  is 
very  low  and  the  reaction  order  of  02 
is  taken  to  be  0.  As  T  increases  the 
reaction  order  for  0?  increases  also, 
a  is  a  function  of  tne  concentration  of 
02  and  an  average  local  temperature.  0 
was  taken  to  be  1  because  of  the  low 
temperatures  involved  in  the  present 
case.  In  the  case  of  turbulent 
combustion  a  joint  variable  pdf 
treatment  using  the  variables  (7,  [02]) 
for  thermal -NOx  and  (T,  [CH4] )  for 
prompt-NOx  was  used  to  determine  the  NO 
concentration  field. 

The  third  route  (7)  leading  to  NO 
involves  the  formation  of  N2G  as  an 
intermediate  via  the  reaction: 

(12) 


where  M  Is  mainly  N,,  and  Is  followed 
by 

Ns0  +  0  -  2 NO  (13) 

If  the  rate  of  NO  Is  controlled  by 
reaction  (12)  then  we  can  set 

d[N01 

- -  -  k[0]  [N2][M]  (v) 

dt 

where  [0]  Is  the  actual  oxygen  atom 
concentration  but  can  approximately  be 
made  equal  to  [On]0  5.  On  this  basis 
the  pressure  dependence  of  d[N0]/dt  is 
(pressure)1  5. 

Both  the  thermal  route  and  the  N20 
prompt  route  are  subject  to 
uncertainties  not  only  in  kinetic  data 
but  in  the  actual  reactions  involved. 

Since  the  rate  of  prcmpt-NO  formation 
was  empirically  derived  with  respect  to 
the  low  activation  energy  found,  and 
knowing  that  the  experimental 
concentration  of  NO  used  for  its 
calculation  included  the  N^O-route  of 
NO  formation,  it  is  justified  to  say 
that  the  N20  route  to  NO  was  included 
in  the  prompt-NO  equation  through  the 
value  of  the  activation  energy.  The 
term  of  CH4  concentration  not  directly 
responsible  for  the  N20  route  to  NO  as 
the  hydrocarbon  prompt-NO  is,  accounts 
for  the  life  duration  of  the  N,0  NO 
mechanism.  A  future  improvements  the 
mechanism  is  to  incorporate  a  separate 
global  equation  for  the  NjO  route  to 
NO.  However,  since  the  3-D  model  was 
only  run  for  atmospheric  pressure,  it 
is  necessary  to  study  the  effect  of 
pressure  in  the  1-D  cases  for  the 
equivalence  ratio  of  0.65  and  the 
results  of  this  study  are  presented  in 
the  next  section. 

3.  FULL  COMPUTATION  OF  NOX  FORMATION  IN 
ATMOSPHERIC  AND  ELEVATED  PRESSURE 
FLAMES 

Computations  were  undertaken  using 
PREMIX  for  the  combustion  of  methane  at 
1,  5,  10  and  20  atm  for  the  fuel -air 
equivalence  ratio  0.65.  Two  burning 
modes  were  studied  :  the  freely 
propagating  adiabatic  flame  and  the 


0  +  N2  +  K  -  N20  +  M 
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plug  flow  flame  to  which  the  adiabatic 
burning  velocity  and  an  imposed 
temperature  profile  reaching  the 
maximum  temperatures  of  1350  K  and  1500 
K  were  applied.  Furthermore,  the 
mechanism  of  Miller  and  Bowman  (1)  and 
Its  modification  by  Westmoreland  and 
co-workers  (2)  were  compared.  Results 
from  the  former  mechanism  are  Initially 
discussed  and  those  from  the  latter 
commented  upon  subsequently.  The 
computed  adiabatic  flame  temperature 
remained  unchanged  at  1751  K  at  the 
different  pressures.  The  effects  of 
increasing  pressure  on  the  freely 
propagating  adiabatic  flames  were  that 
the  temperature  gradients  were 
increased,  the  burning  velocity 
diminished  as  an  effect  of  Increasing 
density.  This  had  the  effect  of 
extending  the  reaction  time  for  a  same 
length  of  domain.  Also,  the  thickness 
of  the  radical  overshoot  2one  was 
reduced  but  the  time  of  appearance  of 
the  radical  pool  was  affected 
differently  with  increasing  pressure. 
With  increasing  pressure  from  1  to  5 
atm,  the  radicals  0,  OH,  H  and  H02 
appeared  sooner  and  moved  the  flame 
front  upstream  considerably.  However, 
when  increasing  from  5  to  20  atm,  the 
radical  appearance  was  slightly  moved 
downstream  even  though  their  gradient 
was  more  pronounced.  The  peak  value  of 
these  radicals  was  maximum  at 
atmospheric  pressure.  The  effects  of 
increasing  pressure  on  NO  formation  in 
the  radical  overshoot  region  -  which  is 
usually  taken  to  be  the  prompt-NO 
formation  zone-  are  shown  in  Fig.  1  for 
the  freely  propagating  adiabatic  flames 
at  1,  5,  10  and  20  atm.  In  this  region, 
the  maximum  NO  was  found  to  be  equal  at 
10  atm  and  20  atm  but  at  a  value  of 
only  4.8  ppm  for  the  original  Bowman 
and  Miller  mechanism.  When  eliminating 
the  species  HCN  and  CN  responsible  for 
hydrocarbon  prompt-NO,  the  total  NO 
formed  in  this  early  region  was 
diminished  by  a  maximum  of  30%  for 
atmospheric  flame  and  55%  for  the  20 
atm  flame.  However,  as  the  reaction 
time  increased  and  the  radicals  reached 
their  equilibrium  values,  the  NO 
increased  linearly  with  time  in  a  more 
pronounced  way  as  pressure  increased. 
The  prompt-NO  was  in  no  way  responsible 
for  this  increase  as  demonstrated  in 


Fig.  2.  This  displays  the  matching 
curves  of  NO  as  a  function  of  reaction 
time  using  the  mechanism  without  NJ) 
ana  the  thermal -NO  mechanism  only  for 
20  atm.  The  NO  formed  when  the  species 
N20  was  eliminated  from  the  mechanism 
in  the  20  atm  flame  showed  it  was 
entirely  due  to  the  thermal  route.  The 
formation  of  N20  and  N02  throughout  the 
combustion  domain  is  shown  in  Fig.  3. 
From  this  plot,  the  equilibrium  values 
of  N20  increasing  with  pressure 
indicated  the  N20  route  was  not 
responsible  for  the  increase  in  NO  in 
the  radical  equilibrium  region,  and 
that  the  maximum  values  of  N20  matched 
those  of  NO  in  the  radical  overshoot 
zone.  It  also  indicated  that  N20 
formation  preceded  that  of  NO  in  time. 
Like  NO,  equilibrium  values  of  N,0  were 
Increased  by  high  pressure  when  the 
thermal -NOx  mechanism  was  active,  which 
was  always  the  cace  for  adiabatic 
flames.  The  species  N02  remained  in 
small  quantities  (less  than  1  ppm)  but 
increased  also  with  reaction  time  in 
the  radical  equilibrium  zone  and 
increasingly  with  pressure. 

At  the  end  of  the  domain  the  relative 
contributions  of  hydrocarbon  prompt-NO 
and  thermal -NO  were  respectively  7.2% 
and  59.1%  for  1  atm,  and  1.5%  and  70.9% 
for  20  atm.  Analysis  of  the  results 
obtained  for  the  atmospheric  case  using 
the  modified  mechanism  (2)  (see  Figs.  1 
and  2)  showed  that  the  total -NC 
obtained  was  increased  by  16%  and  that 
the  corresponding  final  thermal 
contribution  was  67%.  Therefore,  the 
overall  effect  of  the  modified 
mechanism  was  due  to  (a)  increasing  the 
total -NO,  (b)  increasing  the  thermal -NO 
and  (c)  decreasing  the  final  proportion 
of  the  thermal  contribution  while 
increasing  the  remaining  two. 

Figures  4  and  5  illustrate  the 
evolution  of  the  main  parameters  of  NO 
formation  (temperature,  CH,,  NO,  N20, 

0,  OH  and  H)  at  1  and  20  atm  for  the 
plug  flow  mode;  in  the  same  figures  are 
also  plotted  the  NO  and  N2Q  predictions 
using  the  modified  chemical  mechanism. 
The  same  temperature  input  was  used  for 
the  two  flames  and  showed  that  these 
parameters  start  to  change  once  the 
maximum  temperature  of  1500  K  had  been 
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reached.  Comparison  of  the  two  figures 
lead  to  Interesting  discoveries.  In  the 
first  place,  the  total -NO  found  for  20 
atm  was  nearly  the  same  as  for  1  atm, 
at  O.S  ppm  using  the  unmodified 
mechanism.  The  value  obtained  with  the 
modified  mechanism  was  similar  at  1  atm 
(0.6  ppm)  but  doubled  at  20  atm  (1.2 
ppm).  These  small  values  are 
consistent  with  the  freely  propagating 
adiabatic  values  of  NO  in  tho  prompt-NO 
zone,  taking  Into  account  that  the 
temperature  was  250  K  smaller  In  the 
plug  flow  case.  The  same  low  value  of 
maximum  temperature  was  responsible  for 
the  quasi-  elimination  of  thermal -NO 
formation  in  the  radical  equilibrium 
region.  Explanation  of  the  shapes  of  NO 
and  N.O  at  20  atm  and  1  atm  for  the 
unmodified  mechanism  is  found  In  the 
effect  of  pressure  on  the  hydrocarbon 
attack  by  free  radicals.  Many 
recombination  reactions  Involving  H,  OH 
and  0  were  speeded  up  by  increasing 
pressure,  in  a  larger  extent  than  the 
chain  branching  reactions.  This 
phenomenon  was  even  more  pronounced  for 
low  temperatures  since  the  reactions 
concerned  have  a  zero  activation  energy 
and  a  negative  exponential  term  on 
temperature.  Hence,  the  plug  flow  high 
pressure  flames,  at  a  lower  temperature 
than  the  adiabatic  ones,  displayed  a 
slowing  down  in  the  usual  build-up  in 
radical  concentrations  as  soon  as  they 
reach  a  minimum  sufficient  for  the 
recombination  reactions  to  occur.  The 
ultimate  effect  of  this  on  NO,  N20,  H, 
OH,  and  0  was  that  their  rate  of 
formation  and  removal  were  increased. 
However  H,  OH  and  O  were  more  heavily 
affected  by  their  rate  of  removal,  thus 
their  equilibrium  more  rapidly  reached 
generally  after  a  smaller 
superequilibrium  value  .  The  species 
N20  followed  the  opposite  trend  as  its 
rate  of  formation  was  increased  by 
pressure  due  to  a  faster  third-body 
recombination  reaction  H+02+M=H02+M  and 
the  reaction  N2+H02-N20+0H.  Therefore 
the  peak  concentration  of  N20  was 
higher  for  20  atm  (6ppm)  than  for  1  atm 
(0.5ppm).  NO  formation  which  was  on  one 
hand  slowed  down  by  a  reduction  in  O 
and  OH  at  high  pressures,  was  on  the 
other  hand  accelerated  by  an  increase 
in  N20  through  the  reaction  N20+0-2N0, 
ending  in  similar  values  of  m)  at  20 


atm  and  1  atm.  The  modified  mechanism 
which  includes  two  additional  third 
body  reactions  of  formation  and  removal 
of  NO  by  N.O  and  by  NO,  leads  to  a 
higher  peak  in  N20  at  20  atm  and  a 
higher  equilibrium  value  of  NO.  The 
slowing  down  of  the  rates  of  formation 
of  the  radicals  also  extended  the 
duration  of  methane  oxidation. 

Naturally  this  has  to  be  placed  in  the 
context  of  actual  turbulent  flames 
where  the  maximum  temperatures  reached 
fluctuate  around  an  average  of  1500  K 
locally,  due  to  imperfect  mixing,  hence 
variations  of  stoichiometry.  Similar 
runs  of  plug  flow  flame  using  the  CFD 
3-D  prediction  of  maximum  temperature 
of  1360  K  lead  to  difficulties  in 
achieving  the  burning  of  the  methane  in 
the  20  atm  case,  extending  the  distance 
of  CH4  decay  over  10  cm.  This  result 
seemed  to  show  that  the  mechanism  or 
the  kinetic  data  used  were  rio  longer 
valid,  and  indeed  it  is  not  recommended 
in  such  extreme  conditions  of  pressure 
and  temperature.  In  this  run,  the 
equilibrium  values  of  the  radicals  0,  H 
and  OH  were  even  more  rapidly  reached 
without  displaying  the  superequilibrium 
characteristics,  leading  to  even  lower 
NOx  than  in  the  1500  K  case.  From  these 
observations,  the  predicted  average 
turbulent  maximum  temperature  of  1360  K 
was  probably  underestimated  in  the  CFD 
calculation  and  the  equivalence  ratio 
of  0.65  of  the  primary  mixture  to  the 
limits  of  flammability  hence  the 
results  displayed  tor  1500  K  only. 

3.1  Application  fo  a  Full  CFD  Computation 

In  order  to  test  the  use  of  the  prompt- 
NOx  equation  together  with  thermal  NOx 
prediction,  a  very  lean  combustor  which 
produces  very  low  levels  of  NOx  was 
modelled.  It  is  similar  to  a  gas 
turbine  chamber  in  its  design,  hence 
its  usefulness  in  making  the  comparison 
with  the  formation  of  NOx  in  gas 
turbines.  The  burner,  shown  in  Fig.  6, 
consists  of  a  planar  enclosure  followed 
by  a  divergent  section  in  which  the 
flame  sits.  A  long  planar  duct  comes 
next,  ending  in  a  short  convergent 
section  from  which  emerge  the  hot 
mixture  of  air  and  combustion  gases. 
Only  the  parts  of  the  burner  where  the 
flame  develops  have  been  modelled,  the 
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remaining  sections  being  of  little 
Interest  from  the  point  of  view  of  NOx 
formation. 

A  section  of  the  burner  is  drawn  in 
Fig.  7a  and  the  finite  volume  grid  of 
the  model  Is  given  as  front  and 
enlarged  top  views  in  Fig.  7b.  The  3-D 
model  took  advantage  of  the  multiple 
planes  of  symmetry  of  the  burner.  The 
choice  of  keeping  to  minimum  the  number 
of  cells  In  the  z  direction  (7  cells) 
to  allow  larger  numbers  In  the  main 
directions  of  the  flow  In  x  and  y  (71 
and  SO  cells)  was  made.  The  size  of  the 
domain  in  respectively  x,  y,  and  z 
directions  was  0.142,  0.05  and  0.00635 
m. 

The  geometry  of  the  burner  head  played 
a  crucial  part  In  the  flow  pattern  and 
in  the  stability  of  the  flame.  The 
velocity  field  and  the  mixing  of  the 
primary  fuel -air  mixture  and  secondary 
air  were  highly  dependent  on  the 


balance  of  pressures  at  their  release 
In  the  burner  head.  It  was  their 
1nfluer.ce  which  ensured  that  (a)  the 
primary  methane-air  mixture  distributed 
In  a  balanced  way  between  the  two  first 
and  the  third  rows  of  holes,  and  (b) 
the  secondary  air  flow  was  sufficiently 
large  to  entrain  the  fuel -air  mixture 
toward  the  divergent  section,  but  low 
enough  to  let  the  feed  gas  emerge  from 
the  two  first  rows  of  holes. 

Figure  8  shows  the  temperature  field 
for  the  equivalence  ratios  0.77  (left) 
and  0.65  (right).  Calculated  prompt-NO 
concentrations  at  -  0.77  and  0.65  are 
plotted  in  Fig.  9.  no  thermal -NO  was 
formed  In  either  cases  due  to  the  low 
temperatures  Involved.  Experimental 
results  for  the  equivalence  ratio  0.77 
agreed  well  with  the  predictions 
considering  measurements  of  NOx  could 
not  appreciate  tenth  of  ppms.  These 
results  are  summarised  In  Table  1. 


Table  1 


0  ■ 

0.77 

Min  Thermal 
Input 

Max  Thermal 
Input 

CFD 

CH4  (m3/s) 

4.73  .  lO-3 

3.42  .  102 

8.93  .  IQ'3 

T  (K) 

1383 

1453 

1230 

NO  (ppm) 

0 

2 

0.2 

N0Z  (ppm) 

0 

0 

0 

CO  (ppm) 

53 

302 

215 

02  (%) 

12 

10.4 

12 

C02  (%) 

4.6 

5.9 

3.8 

Table  2  displays  comparative  results 
obtained  by  the  CFD  model  and  the 
PREMIX  at  atmospheric  pressure  and 
fuel -air  equivalence  ratios  0.77  and 
0.65. 


Figure  10  shows  the  contours  of  rate  of 
NO  formation  for  0  -  0.77  and  0  -  0.65. 
Fig.  11  gives  the  streamlines,  similar 
at  0  -  0.77  and  0  =  0.65. 


Table  2 
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Total  NO  (ppm) 

%  Contributions 

Mechanism 

at  at 

T_  10  cm 

MX 

he  N20 

prompt  prompt 

Thermal 

<t>  -  0.77  T  -  1 54 IK  1  atm 

PREMIX 

M  &  B 

W 

61-52  33-38 

29-21  64-70 

6-10 

7-9 

CFD 

Global 

* 

L 

100 

0 

i  -  0.65  T  -  1500K  1  atm 

PREMIX 

M&B 

W 

55-37  40.7-56 

C O  A 

^  UI 
a  a 

OI  N| 

CFD 

Global 

0.24 

100 

0 

4.  CONCLUSIONS 

High  pressures  in  the  case  of  very  lean 
methane-air  premixed  laminar  flames 
were  found  to  have  different  effects  in 
the  two  main  zones  of  the  flame.  In 
the  radical  overshoot  region,  the 
unmodified  mechanism  showed  NO 
increasing  parameters  such  as 
temperature  and  N20  to  NO  third  body 
reactions  competing  against  NO  reducing 
factors  such  as  lower  0  and  OH 
superequilibrium  values  due  to  faster 
recombination  reactions.  The  modified 
mechanism  emphasized  the  third  body 
reactions  forming  NO.  In  this  region, 
pressure  was  not  found  to  affect  the 
relative  contributions  of  the  three 
mechanisms  of  NO  formation:  hydrocarbon 
prompt  was  around  35%  -  55%  depending 
on  temperature,  thermal  was  from  5%  - 
20%  and  the  rest  was  due  to  N20-prompt. 

In  the  radical  equilibrium  zone,  the 
dominant  parameter  in  NO  and  N02 
formation  was  temperature.  Thus  in  the 
adiabatic  case,  since  the  temperature 
was  high  enough  for  the  thermal -NO  to 
occur,  high  pressures  increased  the 
level  oi  NO  to  few  a  tens  of  ppm.  The 
other  two  mechanisms  of  NO  formation 
were  inactive  in  that  region.  In  the 
plug  flow  case  where  temperatures  did 
not  allow  thermal  NO  formation  (1500 
K),  the  nitrogen  oxides  remained 
approximately  at  the  values  reached  in 


the  radical  overshoot  region;  with 
respectively  the  N20  intermediate  route 
to  NO  and  the  hydrocarbon  prompt -NO  as 
the  highest  contributors  at  high 
pressure  and  at  atmospheric  pressure. 
The  CFD  3-D  model  succeeded  in 
predicting  similar  levels  of  NO  as  the 
full  chemical  laminar  1-D  model  In  the 
atmospheric  case,  although  the  N20- 
prompt  route  to  NO  was  not  explicitly 
included.  Nitrogen  dioxide,  which  forms 
mainly  through  the  reaction  NO  +  H02, 
was  also  Increased  by  high  pressures  in 
the  adiabatic  case,  although  of  two 
orders  of  magnitude  smaller  than  NO. 
This  reaction  Is  greatly  accelerated  at 
low  temperatures  and  all  NO  present 
would  eventually  convert  to  N02  if  the 
radical  H02  Is  present,  that  Is  if  H 
radicals  and  02  are  present.  This 
situation  can  arise  when  exhausts 
containing  NO  are  Injected  into  a  cold 
air  stream  where  H  atoms  from  the  flame 
react  with  02.  We  have  undertaken 
studies  which  show  that  in  such  cases 
the  [N02]/[N0x]  ratio  varies  with  the 
cold  air  stream  temperature,  details  of 
this  work  will  be  published  later. 
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Fig.  1  NO  concentrations  in  radical  overshoot  region  for  various  pressures  of  freely 
propagating  adiabatic  flames,  <j>  =  0.65.  M&B:  Miller  and  Bowman  mechanism,  W: 
Westmoreland  mechanism. 


Fig.  2  NO  concentrations  in  radical  equilibrium  zone  for  various  pressures  of  freely 
propagating  adiabatic  flame,  <j>  =  0,65.  M&B:  Miller  and  Bowman  mechanism,  W: 
Westmoreland  mechanism. 
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Fig.  3  N2O  and  NO2  concentrations  in  radical  overshoot  zone  and  in  radical  equilibrium  zone 
at  various  pressures  of  freely  propagating  adiabatic  flame,  <{>  =  0.65.  Only  Miller  and 
Bowman  mechanism. 
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Fig.  4  Plug  flow  flame  at  1  atm.  Radicals,  CH4,  NO  and  N20  concentrations  for  T  -  1500K 
for  various  mechanisms.  (M&B:  Miller  and  Bowman  mechanism,  W:  Westmoreland 
mechanism,  no  prompt-NO  mechanism  without  HCN  and  CN,  thermal-NO  mechanism 
without  HCN,  CN  and  N20). 
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5  Plug  flow  flame  at  20  atm.  Radicals,  CH4,  NO  and  N20  concentrations  for  T  =  1 500K 
for  various  mechanisms.  (M&B:  Miller  and  Bowman  mechanism,  W:  Westmoreland 
mechanism,  no  prompt-NO  mechanism  without  HCN  and  CN,  thermal-NO  mechanism 
without  HCN,  CN  and  N20). 


Fig.  6  Burner  section. 
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Front  view  of  finite  volume  model. 

Top  view  (enlarged)  of  finite  volume  model 
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SIMULATION  OF  POLLUTANT  FORMATION  IN  TURBULENT  COMBUSTORS 
USING  AN  EXTENDED  COHERENT  FLAME  MODEL 


E.  Djavdan1,  D.  Veynante,  J.  M.  Duclos  and  S.  Candel 

Laboratoire  EM2C,  CNRS,  Ecole  Ontrale  Paris,  92295  Chatenay-Malabry,  France 


An  extension  of  a  flame  surface  density  model,  combining  flamelet  concepts  and  homogeneous  reactor  combustion  is 
proposed  to  predict  NO  and  CO  formation.  Results  for  CO  in  propane-air  premixed  flames  for  different  equivalence 
ratios  are  compared  to  available  experimental  measurements.  The  agreement  is  good  but  the  model  is  sensitive  to  the 
determination  of  the  flamelet  model  parameters  such  as  those  governing  the  effective  strain  rate. 

Cet  article  preserve  une  extension  du  modele  de  flamme  coherente  a  l’analyse  de  la  formation  de  polluants  coniine  CO  et 
NO.  Le  nouveau  modele  combine  une  description  de  type  flammelette  avec  une  representation  de  la  combustion  a  l’aide 
de  reacteurs  homogenes.  Les  resultats  obtenus  pour  CO  dans  le  cas  de  flamines  turbulentes  stabilisees  dans  un  canal, 
sont  compares  a  des  mesures.  L’accord  entre  les  calculs  et  les  experiences  est  encourageant  mais  les  resultas  dependent 
sensiblement  des  hypotheses  utilisees  pour  la  determination  du  taux  d’etirement  efficace. 

1.  INTRODUCTION 

Prediction  of  pollutants  like  carbone  monoxide  or  nitrogen  oxide  constitutes  an  important  issue  if  one  wishes  to  improve 
combustion  performance  and  more  generally  to  decrease  the  impact  of  hydrocarbon  combustion  on  the  environment.  This 
problem  also  poses  a  scientific  challenge  because  the  standard  fast  reaction  assumption  (short  chemical  time  compared  to 
turbulent  time)  generally  made  in  turbulent  combustion  modelling,  is  no  longer  valid  for  pollutant  prediction. 

It  is  known  for  example  that  carbon  monoxide  oxidation  into  carbon  dioxide  or  nitrogen  oxide  formation  requires  longer 
residence  times  than  the  initial  reaction  of  hydrocarbon  combustion.  This  situation  is  analogous  to  that  encountered 
in  supersonic  combustion,  for  scramjet  applications.  In  this  case,  due  to  the  high  flow  velocities,  the  mechanicnl  time 
is  noticeably  decreased  and  becomes  comparable  to  chemical  times.  Classical  turbulent  combustion  models  of  premixed 
turbulent  combustion,  such  as  the  well  known  Eddy  Break  Up  approach  or  those  based  on  the  “flamelet”  concept  assume 
a  thin  reaction  zone  between  fresh  and  burnt  gases  with  a  single  very  fast  global  reaction  : 

F  +  0  — ♦  P 

where  the  global  reaction  rate  is  mainly  governed  by  turbulent  flow  characteristics.  Chemical  effects  are  only  included  in 
the  determination  of  the  local  laminar  rate  of  consumption  and  in  the  calculation  of  extinction  conditions  which  results  for 
example  from  excessively  high  strain  rates. 

A  new  formulation  is  necessary  to  take  into  account  species  such  as  CO  or  NO  because  the  caracteristic  chemical  time 
of  oxidation  of  these  species  is  longer  than  the  one  of  hydrocarbon  oxidation  and  the  hypothesis  of  a  thin  reaction  zone 
becomes  inadequate.  In  fact,  the  CO  oxidation  takes  place  in  hot  gases,  mainly  through  reaction?  like  : 

CO  +  OH  —*  C02  +  H 

where  the  OH  radicals  are  also  products  of  the  first  hydrocarbon  oxidation. 

The  approach  proposed  in  this  work  is  to  extend  a  flame  surface  density  model  designated  as  the  “Coherent  Flame  Model” 
(CFM)  to  the  analysis  of  the  pollutant  formation.  The  original  CFM  was  derived  by  Marble  and  Broadwell  (1977)  for  non 
premixed  turbulent  combustion  and  it  has  since  then  been  used,  tested  and  extended  for  premixed  turbulent  combustion 
by  Candel  ct  al.  (1982),  Darabiha  (1984),  Candel  et  al.  (1991),  Maistret  (1991),  Veynante  et  at.  (1991)  and  Boudier 
et  al.  ( 1992).  The  extension  of  such  a  model  for  pollutant  prediction  is  based  on  the  assumption  that  the  fuel  oxidation 
mechanism  mainly  takes  place  is  a  thin  reaction  zone  and  is  governed  by  a  flamelet  regime  whereas  the  oxydation  mechanism 
of  intermediate  species  such  as  CO  and  NO  is  modeled  by  a  classical  well  stirred  reactor  approach  (i.e.,  the  chemical  time 
of  oxidation  of  these  species  is  assumed  to  be  longer  than  the  local  turbulent  time).  This  oxidation  takes  place  and  involves 
species  originating  from  the  flamelet  reaction  inside  the  hot  gases.  One  may  note  that  such  a  general  idea  has  been  already 
suggested  by  Bray  (1979).  According  to  this  author,  pollutant  formation  could  be  analysed  in  terms  of  two  kinetic  reactions 
occuring  sequentially  so  that  the  first  one  is  assumed  to  be  complete  before  the  next  reaction  begins.  Accordingly,  two 
progress  variables  and  probability  density  functions  are  required  (one  per  reaction)  if  one  wishes  to  exploit  this  analysis 
with  a  pdf  approach.  Broadwell  and  Breidenthal  (1982)  have  also  proposed  to  decouple  chemical  reactions  in  a  mixing 
layer  in  two  parts  one  corresponds  to  a  strained  laminar  flame  sheet  (i.e.,  flamelets)  in  the  vortex  braids,  the  other  in  a  well 
stirred  reactor  in  the  vortex  core.  Such  an  analysis  has  been  used  for  NO  prediction  by  Dibble  et  al.  ( 1989)  and  extended  by 
Miller  et  al.  (1989)  for  supersonic  combustion.  Nevertheless,  to  our  knowledge,  these  approaches  have  only  been  exploited 
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to  obtain  simple  analytical  relations  for  specific  flows  and  not  for  numerical  simulation  of  a  complete  turlmlent  reacting 
How  field,  For  h.vdrogen/nir  combust  ion,  Janicka  and  Kolltunu  ( 1982)  have  suggested  n  splitting  of  the  reaction  scheme  in 
two  parts.  The  first  reactions  are  assumed  to  have  reached  an  equilibrium  state  whereas  the  recombination  reaction  are 
treated  with  a  finite  reaction  rate.  In  the  particular  case  of  the  scheme  considered,  due  to  equilibrium  expressions  and 
conservation  of  atomic  element,  a  complete  determination  of  the  chemical  state  is  made  through  a  “combined  variable" 
(a  linear  combination  of  reaction  rate  of  each  reaction)  and  a  passive  scalar.  Only  a  single  variable  have  to  be  modeled. 
Nevertheless,  this  interesting  idea  is  only  applicable  when  the  chemical  scheme  is  not  too  large  and  the  problem  may  be 
reduced  to  the  determination  of  two  variables  by  making  use  of  a  sufficient  number  of  atomic  conservation  relations  and 
equilibrium  assumptions. 

The  present  article  comprises  four  sections.  Section  2, summarizes  the  main  elements  of  the  Coherent  Flame  Model,  used 
to  describe  fuel  oxidation  in  the  Hamelets.  The  complete  formulation  for  pollutant  formation  is  then  given  in  section  3. 
Numerical  simulations  and  available  experimental  data  ai-  presented  and  discussed  in  section  4. 

2.  REVIEW  OF  THE  COHERENT  FLAMELET  MODEL 

In  this  section  we  will  briefly  present  the  basic  element  of  the  coherent  flame  model  for  premixed  turbulent  combustion. 
Further  detnils  may  be  found  in  previous  articles,  for  example  in  C'andel  rt  al.  (1991)  or  Veynante  i  t  al.  (1991).  A  block 
diagram  of  the  model  is  shown  in  Fig.  1.  One  assumes  that  the  turbulent  flame  may  be  viewed  as  a  collection  of  thin  flame 
elements  between  fresh  and  hot  gases.  These  elements  are  converted  and  distorted  by  the  turbulent  flow  motion  but  keep 
an  identifiable  structure  and,  in  this  sense,  remain  coherent.  This  analysis  is  valid  if  the  thickness  of  the  reactive  sheet,  6r, 
is  sufficiently  small  compared  to  the  typical  length  scales  I,  of  the  turbulent  motion.  Some  authors  believe  that  6r  should 
be  less  than  the  smaller  turbulent  scale  contained  in  the  flow,  the  Kolmogorov  scale.  But  recent  results  obtained  from 
direct  numerical  simulation  (Poinsot  et  al.  1990)  or  by  flame  vortex  interaction  experiments  (Roberts  and  Driscoll,  1991 
)  indicate  that  fluetations  with  a  length  scale  smaller  than  a  certain  cut-off  scale  are  unable  to  interact  with  the  flame. 
Such  a  phenomenon  has  been  already  pointed  out  by  Peters  (1986)  who  proposes  a  “Gibson  scale”  for  this  cut-off  but  the 
value  of  this  Gibson  scale  does  not  generally  correspond  to  that  found  by  direct  simulation.  It  is  now  probable  that  the 
flame  thickness  />r  may  exceed  the  Kolmogorov  scale  and  the  “flamelet  domain"  of  premixed  turbulent  combustion  is  more 
important  than  generally  believed. 


Turbulent  premixed flam* 


Fresh  reaclartls 


Figure  1.  Description  of  premixed  turbulent  combustion  using  flamelet  concepts. 


Each  flamelet  element  is  mainly  affected  by  the  local  strain  rate  which  acts  in  the  plane  of  the  flame,  modifies  its  structure 
and  changes  the  local  reaction  rate.  As  a  consequence,  the  local  reation  rate  per  unit  of  flame  area  may  be  determined 
by  the  analysis  of  a  laminar  strained  flame.  This  simple  geometry  is  adopted  in  many  studies  for  detailed  calculations  of 
the  local  reaction  rate,  including  complex  chemistry  features  and  multicomponent  transport  properties  (see  for  example 
Darabiha  rt  al.,  1988  or  Rogg  r  t  al.,  1986).  Experimental  data  are  abo  available  for  a  variety  of  strained  flames. 

Following  this  analysis,  the  global  reaction  rate  of  each  species  i,  W ,,  may  be  written  as  the  product  of  the  local  reaction 
rate  per  unit  of  flame  area,  ut,  by  the  available  flame  surface  density  per  unit  volume  £  : 


H',  =  w,E 


The  flame  surface  density  has  now  to  be  determined.  The  central  idea  originating  from  Marble  and  Broadwell  is  to  use 
a  transport  equation  for  the  density  of  flame  surface.  This  equation  may  Ire  derived  from  the  transport  equation  for  a 
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material  surface  in  a  turbulent  flow  (see  the  derivation  of  Candel  and  Poinsot,  1990).  The  strain  rate  imposed  by  the 
turbulent  motion  change  the  local  reaction  rate  of  the  flame  but  also  has  the  effect  of  increasing  the  available  reaction  area. 
This  production  process  is  also  balanced  by  various  destruction  mechanisms  (not  existing  for  a  material  surface)  .  flame 
shortening  (mutual  interaction  of  adjacent  flame  front  and  consumption  of  the  intervening  reactants),  flame  quenching 
under  excessively  high  strain  rates. 

To  summarize,  the  coherent  flame  model  combines  the  three  following  elements  :  (1)  A  model  for  the  turbulent  flow, 
including  a  standard  sot  of  Reynolds  or  mass  average  dynamic  equations  and  a  turbulent  closure  model.  (2)  A  local 
model  for  the  laminar  strained  elements  providing  the  consumption  rates  per  unit  of  flame  area.  This  model,  combining 
complex  chemistry  kinetics  and  detailed  molecular  transport,  is  essentially  decoupled  from  the  turbulent  flow  description. 
In  pratical  computations,  this  model  is  implemented  as  a  flamelet  library,  providing  the  local  reaction  rate  as  a  function  of 
various  parameters  (local  strain  rate,  equivalence  ratio,  pressure,  fresh  gases  temperature,  ...).  No  local  computations  are 
carried-out  during  turbulent  flow  numerical  simulations.  (3)  A  balance  equation  for  flame  surface  density  accounting  for 
transport,  diffusion,  production  and  destruction  of  flame  area.  A  schematic  representation  of  the  model  is  given  in  Fig.  2. 
The  main  advantage  of  this  analysis  is  that  it  decouples  complex  chemistry  from  the  turbulent  flow  computation. 


Figure  2.  Block  diagram  of  the  coherent  flame  model 


An  important  ingredient  of  the  model  is  the  modeling  of  the  strain  rate  used  both  for  local  reaction  rate  determination  and 
in  the  source  term  of  the  balance  equation  for  flame  surface  density.  In  the  simplest  case  of  a  two  dimensional  mixing  layer, 
this  strain  rate  f,  may  be  deduced  from  the  transverse  gradient  of  the  mean  axial  velocity.  In  more  complex  situations,  it 
may  be  evaluated  in  terms  of  the  turbulent  kinetic  energy  1'  and  dissipation  r  as  : 

f,  ~  of/k 

A  more  complex  approach,  based  on  direct  numerical  simulations  carried  out  by  Poinsot  ft  al.  (1990),  have  been  proposed 
by  Meneveau  and  Poirsot  (1991)  :  *he  Intermittent  Net  Flame  Stretch  model  (1TNFS).  An  effective  strain  rate  is  introduced 
in  the  production  term  of  the  flame  surface  which  only  taxes  into  account  the  length  scales  that  actually  affect  the  flame 
front.  Flame  front  thickness  6/  and  laminar  flame  speed  uj  are  respectively  compared  to  the  turbulent  integral  length  scale 
It  and  to  the  turbulent  velocity  fluctuations  u'  to  determine  the  effective  flame  strain  rate  : 

f.  =  r  *(/,/£(,  u'/m) 


where  T*  is  a  function  provided  by  the  authors. 

Models  based  on  an  equation  for  the  flame  surface  density  are  now  being  explored  by  many  groups  (  for  example  Cant 
it  al.  1990,  Mantel  and  Borghi,  1991,  Cheng  and  Diringer,  1991,  Rogg.  1989,  ...).  A  summary  of  their  models  is  given  in 
Durlos  rt  nl.  ( 1993)  together  with  an  analysis  in  the  case  of  turbulent  flame  propagation  in  one  dimension  and  a  comparison 
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with  experimental  data.  It  is  interesting  to  note  that  whatever  the  derivation  of  the  flame  surface  equation,  the  source 
and  destruction  terms  of  the  balance  equation  for  flame  surface'  density  proposed  in  each  case  have  much  in  common.  The 
differences  mainly  come  from  the  closure  assumptions  used  for  the  modeling  of  the  effective  strain  rate. 

To  end  this  kief  survey  of  the  coherent  flame  model,  one  may  note  that  extensions  have  been  proposed  for  non  uniformly 
premixed  reactants  (Veynante  et  a/.,  1989),  for  situations  including  both  prernixed  and  non-premixed  flames  elements  such 
as  those  encountered  in  transient  ignition  of  s  non  premixed  turbulent  devices  (Veynante  et  at,,  1991,  Fichot  et  al ,  1991) 
or  in  Diesel  engines,  taking  into  account  the  vaporization  of  a  fuel  spray  (Dillies  et  al.  1993). 

3.  AN  EXTENDED  FLAMELET  MODEL  FORMULATION 

To  extend  the  flame  surface  density  model  to  the  prediction  of  pollutant  formation,  we  assume  that  the  combustion 
mechanism  of  hydrocarbons  takes  place  in  two  submechanisms.  The  first  one,  the  oxidation  of  fuel  producing  intermediate 
species  (mechanism  called  Ml)  is  typically  very  fast  compared  to  the  other  caracteristic  times.  This  oxidation  is  supposed 
to  take  place  in  a  flamelet.  The  second  mechanism  (COi  and  NO  formation),  called  M2,  with  a  longer  chemical  time, 
takes  place  in  high  temperature  regions  where  the  fluctuations  arc  relatively  less  important  and  where  one  may  consider 
that  the  corresponding  kinetics  are  best  represented  by  homogeneous  reactor  conditions. 

The  source  term  of  the  conservation  transport  equation  of  species  k  may  be  formally  written  as 

R 

A(F*)  -  £  <wr,[r,j . [}'*•))  (i) 

,=i 

where  Cj,  is  the  mean  mass  reaction  rate  of  reaction  i,  R  is  the  number  of  chemical  reactions  and  u/,,  the  stoichiometric 
coefficients  of  species  k  in  reaction  i. 

Under  the  previous  assumptions,  this  source  term  may  be  expressed  as  : 

\(Tk)  =  +  52  (Vi)  , ....  (Ka]‘) 


where  the  first  right  hand  tenn  is  the  reaction  late  of  specie  k  due  to  the  flamelet  reaction,  u.'*  is  the  local  reaction  rate 
per  unit  of  flame  area  of  specie  k.  The  second  term,  for  the  R2  reactions  of  mechanism  A/2,  expresses  the  consumption 
rate  for  a  well  stirred  reactor  in  the  hot  gases. 

For  clarity,  the  proposed  model,  combining  the  flamelet  assumption  and  a  well  stirred  reactor  analysis  is  now  presented  in 
the  particular  case  of  a  propane/air  premixed  flame.  The  kinetic  scheme  used  has  the  form  : 


CiH»  +  ^02  — ♦  3CO  +  (/) 

Hi  +  l-Oi  «=*  HjO  (II) 

CO  +  H20<=^>  COi  +  Hi  ( III ) 

iV2  4  02  *=>  2NO  (IV) 


The  first  three  reactions  and  their  kinetic  constants  come  from  the  work  of  Jones  and  Linsted  (1988),  the  last  one  is  a 
simplified  Zeldovich  mechanism  for  thermal  NO  formation  (De  Soete,  1989). 

An  order  of  magnitude  analysis  of  the  reaction  constants  indicates  that  the  caracteristic  chemical  time  of  the  first  reaction 
is  small  compared  to  the  time  of  the  tb-ee  others.  As  a  consequence,  the  first  reaction  (i.e.  the  fuel  oxidation  mechanism) 
is  assumed  to  take  place  in  an  infinitely  zone  and,  accordingly,  a  flamelet  formulation,  such  as  the  so  called  "coherent  flame 
model”  is  retained  for  this  reaction.  The  three  other  reactions  (oxidation  of  CO  and  N-i)  are  assumed  to  take  place  in 
the  reacted  gases  of  the  previous  reaction  as  in  a  well  stirred  reactor. 

The  available  flame  surface  density  is  provided  by  a  classical  transport  equation,  where  the  source  term  is  given  by  : 


A(F.)  =  <m.E-/? 


Yc,h. 


(2) 


Where  W'f  'iH,  >3  the  consumption  rate  of  propane  per  unit  of  flame  area  and  51  designates  the  mean  flame  surface  density 
(i.e.  the  available  flame  area  per  unit  volume).  The  first  term  expresses  the  production  of  flame  area  under  the  strain 
rate  t,  imposed  by  the  turbulent  flow.  This  term  incorporates  results  from  direct  numerical  simulations  to  take  into 
account  turbulence/ combustion  interaction.  The  second  term  models  the  annihilation  of  flame  surface  by  consumption  of 
the  intervening  reactant.  In  the  present  formulation,  only  lean  combustion  is  being  considered. 

For  the  chemical  scheme  (I  IV),  the  reaction  rate  of  each  species  may  be  written  as  ■ 
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kf\ •  \  i  A/^  r .  ... 

A  “  4Scii"  *“■“  "  Tiuj>" 

MYh.oI  =  JiU  - 


a  (no,)  =  *£& 

A(fj*o>«wi& 

where  u>c,h.  is  the  propane  consumption  rate  per  unit  of  flame  area  (flamelet  model),  A/»  designates  the  molar  mass  of 
species  K.  The  reaction  rate  ui‘k  of  equation  i  for  species  k  is  determined  from  standard  homogeneous  reactor  expression) 
(i.e.  standard  Arrh-uius  law,  without  turbulence  interactions).  For  example,  the  reaction  rate  of  carbon  dioxide  COj  in 
reaction  III  comes  from  : 


w  -  Mco,  I 


3l  ^ 


A/co  A/m,o 


COj 


A/co,  A/«, 


A/«t  / 


(3) 


where  V,‘  is  the  mass  fraction  of  species  fc  in  the  hot  gases,  fa  and  are  the  density  and  the  temperature  of  the  hot  gases, 
kjf  and  I fcjr  are  the  forward  and  backward  reaction  constants. 


4.  NUMERICAL  RESULTS 

The  proposed  model  is  now  tested  by  numerically  simulating  a  ducted  turbulent  premixed  propane-air  flame  stabilized 
behind  i  V  gutter  flame  holder  (Fig.  3).  The  combustor  is  32.5  cm  long  and  5  cm  high.  The  channel  width  is  8  cm  so  that 
the  mean  flow  is  nearly  two  dimensional.  The  blocage  ratio  is  50  %.  The  lateral  walls  are  made  of  Vycor  (artificial  quartz) 
allowing  flov  visualization  and  radical  emission  measurements.  The  air  mass  flow  rate  may  vary  between  30  and  120  g/s 


Photomultiplier 


Figure  3.  Premixed  propane-air  flame  stabilized  behind  a  V  gutter  flame  holder.  The  flames  spread  in  a  rectangular  channel 
equipped  with  tian«parent  side  walls.  Light  radiation  fiom  free  radicals  is  monitored  with  a  moving  photomultiplier  and  a 
CCD  camera. 


and  the  equivalence  ratio  takes  values  in  a  range  extending  from  0.6  to  1.2.  Available  experimental  data  comprise  radical 
emission  images  and  gas  analysis.  The  light  emitted  by  free  radicals  like  CH  and  Cj  is  measured  to  determine  the  regions 
of  heat  release.  It  has  been  shown  that  for  a  given  equivalence  ratio,  this  light  emission  is  nearly  proportional  to  the  local 
mean  reaction  rate.  Light  emission  is  collected  by  a  photomultiplier  or  a  CCD  camera  through  a  narrow  band  pass  filter. 
Gas  analysis  is  carried  out  with  a  sampling  probe  and  classical  gas  analyzers  for  CC\  COj,  Oj  and  unbumt  hydrocarbons 
(CHt).  Due  to  the  size  of  the  cooling  sampling  probe,  gas  analysis  results  are  only  available  in  the  exit  plane  of  the  burner. 
In  this  work,  two  experimental  conuuions  are  studied.  The  a’r  mass  flow  rate  m„  is  fixed  at  75  g/s  and  the  equivalence 
ratio  <f>  takes  values  of  0.75  and  0.65. 
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Results  corresponding  to  the  first  case  (>ri«  »  73ji/s.G  ■=  0  73)  are  displiijml  in  Fig.  4,  Fields  of  temperature,  iu*u.k 
fractions  of  propntie,  carbon  monoxide  CO,  hydrogen,  Hatne  surface,  effective  strain  rate  (provider!  by  tin*  ITNFS  model) 
and  local  reaction  rate  are  shown  in  this  figure.  For  comparison,  the  experimental  reaction  rate  obtained  from  CH  light 
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Figure  4.  Results  of  calculation  corresponding  to  the  first 
cose  (ma  =  75 g/a,  <p  -  0.75).  Fields  of  temperature,  mass 
fractions  of  propane,  carbon  monoxide  CO,  hydrogen  Hi, 
flame  surface  density  E,  effective  strain  rate  (provided  by 
the  ITNFS  model)  and  local  reaction  cate  are  displayed  in 
this  figure  on  a  scale  of  grey  levels. 
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Figure  6.  Profile  of  CG  mass  fraction  in  the  combustor 
exit  plane,  (a)  Experimental  profile,  (h)  Computed  profile. 
rri„  =  75 g/s,  <t>  -  0.75. 


Figure  5.  Experimental  reaction  rate  deduced  from  CH 
light  emission  measurement.  m„  =  75 g/s,<t>  =  0.75 


emission  is  presented  in  Fig.  5.  Two  flame  regions,  separated  by  a  stream  of  burnt  ge.-se.s,  appear  on  the  downstream  flow 
from  the  flame  holder.  Combustion  is  incomplete  inside  the  chamber  and  the  flame  extends  beyond  the  combustor  exhaust 
plane.  Numerical  simulations  of  the  reaction  rate  are  in  qualitative  agreement  with  the  available  experimental  data  (the 
scale  of  light  emission  is  arbitrary)  and  the  flame  spreading  is  well  simulated  by  computations  (Mantrit,  1991  1  Light 
emission  measurements  may  be  calibrated  to  give  the  local  mean  heat  release  rate.  Values  obtained  from  the  experiment 
and  the  model  are  also  in  good  agreement.  The  experimental  CO  mass  fraction  is  only  available  in  the  exit  plane  of  the 
burner  Comparisons  witli  numerical  computations  are  carried  out  in  Fig.  6.  Calculated  profiles  are  reasonably  close  to 
the  experimental  ones  but  the  computation  underestimates  the  maximum  value  of  CO  mass  fraction  by  a  factor  of  about 
3. 

Numerical  simulations  corresponding  to  the  second  test  case  ( nia  =  Ibg/s.ip  -  0.G5)  are  shown  in  Fig  7.  One  may  note 
that  when  the  equivalence  ratio  is  decreased,  the  maximum  temperature  is  hIso  decreased  but  the  mass  fraction  of  carbon 
monoxide,  CO,  is  increased.  Once  more,  the  CO  mass  fraction  is  qualitatively  well  reproduced  (Fig.  8)  but  the  peak  values 
are  slightly  underestimated. 

Computations  taking  into  account,  the  thermal  NO  formation  are  shown  in  Fig.  9  (ma  =.  75<//s,<£  =  0  75!  and  Fig.  10 
(m„  =  75<//s,  4>  =  0.65).  No  experimental  data  are  available  in  this  case  but  the  calculation  indicates  that  NO  is  mainly 
formed  in  the  burnt  gases  and  reaches  near  equilibrium  values  in  the  hot  gas  stream.  As  expected,  the  maximum  mass 
fraction  of  NO  decreases  when  the  equivalence  ratio  is  decreased. 
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Figure  7.  Results  of  calculation  corresponding  to  the  first 
rase  (»)„  -  ’iby/ti.0  -  0.65).  Fields  of  temperature,  muss 
fractions  of  nropa.ie.  carbon  monoxide  CO.  hydrogen  Hi, 
Hiune  surface  density  H,  effective  strain  rate  (provided  by 
the  ITN'Fb  model)  and  local  reaction  rate  are  displayed  in 
this  figure  on  a  scale  of  grey  levels. 
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Figure  8.  Profile  of  CO  mass  fraction  in  the  combustor 
exit  plane,  (a)  Experimental  profile,  (b)  Computed  profile 
w0  =  75 gl»,  <t>  =  0.65. 


Figure  9.  Results  of  calculations  including  thermal  .5  >7 
formation.  (ni„  =  75ff/*,0  -  0.75). 


Figure  10.  Results  of  calculations  including  thermal  SO 
formation.  (r»„  —  75<//.i, <p  =  0.65). 


CONCMJSION 

A  new  model  eomliining  iiamelet  coneept.  ntid  liomogeueous  reactor  eomliustion  is  proposed  in  order  to  calculate  the 
formation  of  pollutants  such  as  CO  and  S')  in  turbulent  combustors.  Calculations,  based  on  a  semi-global  kinetic  scheme 
and  a  fiamelet  formulation  combined  with  a  well  stilled  reactor  analysis  of  the  burnt  gases  lev  carried  out  for  premixed 
pro|  a  tie  ail  Haines  for  two  (iiifei'-nt  eipiivalenee  ratios.  Comparison  wit  l>  expcrhiieiital  measurements  shows  that  the  model 
provides  reasom.bls  aecurate  values  of  CO.Tlie  study  also  proves  that  taking  into  account  the  kinetics  of  pollutant  forniavion 
may  influence  tnc  global  description  of  tiie  How  field  For  example,  the  maximum  inaction  late  is  decreased  in  the  more 
det  aiied  analysis  including  CO  and  A  O  format  urn.  The  <  alcuiations  are  sensitive  to  the  determination  of  the  Hameiet  model 
parameters  and  specifically  to  the  •ffcelive  strain  rate.  Further  progress  in  the  development  of  predictive  methodologies  will 
reipiire  iniproven.ents  of  the  model  and  will  allow  ipinntitatively  precise  nuinerieal  simulation  of  pollutants  mass  fractions. 
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SUMM&X 

CFD  predictions  of  nitric  oxide  and  smoke 
production  in  a  tubular  combustor  are  described  for 
a  range  of  inlet  temperature  and  pressure  conditions 
up  to  800K  and  8  bar,  chosen  to  distinguish  the 
effects  of  both  state  properties  and  turbulence  on 
formation  rates.  Combustion  models  based  on  both 
laminar  flamelet  and  chemical  equilibrium 
representations  are  contrasted  and  compared  with 
measurements  in  the  literature.  Whilst  uncertainties 
persist  in  respect  of  the  detailed  mechanisms, 
notably  for  soot  formation,  a  strategy  is  identified 
which  extends  the  role  of  mixture  fraction  in  the 
calculation  of  the  influence  of  turbulent  scalar 
fluctuations  on  emissions  prediction. 

WTRQtmCTtaCi 

Detailed  combustor  flowfield  predictions  play  an 
increasingly  important  role  in  the  process  of  engine 
design  analysis  and  evaluation.  Challenging  goals 
have  been  set  for  advanced  combustor  design  in 
relation  to  pollutant  emissions  levels  in  addition  to 
the  more  traditional  concerns  for  exit  temperature 
traverse  quality  and  liner  wall  temperatures. 
Numerical  simulation  is  then  a  key  component  of 
"right-first-time"  strategies  designed  to  reduce  the 
cost  and  timescale  of  advanced  combustor 
development.  Whilst  CFD  techniques  have  proved 
effective  in  reproducing  the  principal  features  of 
combustor  flowfields,  the  more  recent  emphasis  on 
combustion  chemistry,  relative  to  emissions 
performance,  presents  significant  additional 
challenges.  The  present  paper  will  focus  on  the 
prediction  of  two  distinctive  scalars,  the 
concentrations  of  nitric  oxide  and  particulate  soot  - 
species  of  direct  interest  which  also  exhibit  a 
different  range  of  flowfield  interactions  and 
modelling  demands. 

The  combustion  process  in  the  present  generation 
of  gas  turbine  cr'.ibustors  is  essentially  non- 
premixed  and  can  be  conveniently  characterised  by 
the  distribution  of  local  mixture  fraction,  £,  (or 
local  air-fuel  ratio  ^  ■  (1  +  AFR)'1).  As  a 
conserved  property  -  free  from  the  direct  influence 
of  highly  non-linear  chemistry  -  the  statistics  of 
mixture  fraction,  typically  the  Favre  meand  and 


variance,  £  and  £**  be  computed 

comparatively  readily.  In  this  way  the  turbulent 
mixing  field  can  be  comprehensively  mapped.  The 
modelling  strategy  customarily  adopted  for 
combustion  is  therefore  to  assume  that  the 
chemistry  is  fast,  relative  to  this  rate  controlling 
turbulent  mixing,  and  that  the  accompanying  scalars 
may  be  inferred  simply  from  state  relationships. 
The  particular  advantage  of  this  approach  is 
evidently  the  limited  number  of  scalar  variables 
introduced  which  require  the  solution  of  additional 
balance  equations.  Despite  enhanced  computer 
capabilities  this  remains  a  critical  concern  for 
reacting  flows  in  complex  3-D  combustor 
geometries. 

The  fast  chemistry  assumption  may  be  conveniently 
implemented  in  two  forms;  local  state  relationships 
♦  ■  (£) 

established  from  either  complete  chemical 
equilibrium  or  from  laminar  flamelets.  Laminar 
diffusion  flame  calculations  can  be  performed 
exactly,  within  the  constraints  of  our  understanding 
of  the  detailed  chemistry,  and  economically  in  a 
one-dimensional  counter-flow  configuration,  for 
example.  The  microscopic  structures  represented 
by  these  relationships  differ  in  a  number  of  ways. 
Reaction  intermediates  •  whether  quasi -stable,  as  in 
the  case  of  CO,  or  highly  reactive,  as  with  radical 
species  such  as  OH,  O  and  H  -  are  found  in  steady- 
state  concentrations  far  removed  from  chemical 
equilibrium.  Whilst  such  differences  may  have 
little  influence  on  gross  flow  patterns,  their 
implications  for  trace  species  chemistry  can  be  very 
large  indeed. 

Pollutant  emissions,  with  the  contentious  exception 
of  C02,  essentially  result  from  chemical  non¬ 
equilibrium  -  mean  formation  and  destruction  rates 
which  are  not  fast  by  comparison  with  flow 
processes.  This  makes  their  prediction  difficult 
within  the  framework  of  the  simplified  description 
of  combustion  chemistry  outlined  earlier.  Where 
the  effects  of  finite  rate  chemistry  are  thermally 
insignificant  -  as  in  the  case  of  nitric  oxide  -  the 
computation  of  pollutant  species  concentration  can 
be  undertaken  as  a  post-process  super-imposing  the 
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production  mechanism  on  an  established  flowfleld. 
The  influence  of  turbulent  fluctuations  in  trace 
species  composition  must  be  accommodated  in  this 
mechanism,  however,  in  addition  to  the  fluctuating 
temperature  field.  The  single  scalar  probability 
density  function  •  that  for  mixture  fraction,  P($)  • 
is  therefore  a  constraining  factor  in  even  the 
simplest  representations  of  pollutant  chemistry,  for 
example  that  for  NO  formation  by  the  Zcldovich 
mechanism, 

These  issues  are  examined  here  within  the 
framework  of  detailed  calculations  for  NO  and 
smoke  production  in  a  representative  tubular 
combustor  for  a  range  of  inlet  temperatures  and 
pressures.  The  choice  of  a  tubular  combustor 
geometry  reflects  the  dearth  of  detailed 
experimental  data  on  distributions  of  velocity  and 
scalar  properties  within  combustor  liners  more 
generally,  as  distinct  from  nozzle  exit  conditions. 
Experimental  measurements  for  purposes  of 
comparison  with  prediction  ore  therefore  drawn 
from  families  of  related  experiments  reported  in  the 
literature. 

Combustor  Flowfleld 

Isothermal  and  combusting  flow  experiments  are 
reported  in  model  tubo-onnular  combustors  Of 
essentially  similar  design  by  Heitor  and  Whitelaw 
(1986).  Biccn  et  al  (1989)  and  (1990).  The  basic 
primary  and  dilution  zone  architecture  of  this 
combustor  has  been  reproduced  computationally  in 
the  present  study  Given  the  focus  on  emissions 
chemistry  modelling,  the  configuration  has  been 
simply  modelled  in  polar  co-ordinates  with  the 
injector  and  hemispherical  head  section  simulated 
using  blockages  as  furnished  by  the  general  purpose 
CFD  package,  PHOENICS.  The  disposition  of  six 
primary  and  dilution  holes  in  the  liner  suggest  that 
cyclic  symmetry  may  be  exploited.  A  60°  sector 
has  been  modelled  with  bounding  planes  which 
bisect  two  adjacent  primary  holes  as  shown  in  fig. 
1.  The  computational  mesh  :ompriscs  20  x  16  x 
45  nodes,  in  the  r,  0  and  z  directions  respectively, 
reflecting  a  compromise  between  geometrical 
fidelity  and  grid  independent  solutions. 

The  laser  Doppler  anemometry  and  flow 
visualisation  studies  on  a  plexiglass  model  of  this 
combustor  reported  by  Bicen  et  al  (1989) 
recommend  a  flow  split  between  swirler,  primary 
and  dilution  holes  of  17%,  33%  and  50% 
respectively  to  reproduce  the  piincipal  internal  flow 
features  of  the  combusting  flow  experiments  of 
Heitor  and  Whitelaw  (1986)  and  Bicen  et  al  (1990). 
These  values  have  been  adopted  in  the  present 
computations  with  an  overall  air-fuel  ratio  of  57. 


In  the  experiments,  gaseous  propane  was  introduced 
through  ten  1.7mm  diameter  Jets  uniformly  spaced 
around  the  circumference  of  a  cone  located  at  the 
centre  of  a  45°  swirler.  The  experimentally- 
determined  swirl  number  of  0.6  was  incorporated  in 
a  uniform  representation  of  the  air  flow  across  the 
complete  swirler  face.  Partial  cell  blockaging  was 
used  to  reproduce  the  injector  geometry  whilst  the 
aerodynamic  blockage  introduced  by  the  swirler 
vanes  was  incorporated  in  the  specification  of 
annulus  area. 

Although  the  flowfleld  detail  is  not  our  primary 
concern  here,  isothermal  model  calculations  have 
been  performed  for  the  steady,  time-averaged 
balance  equations  for  mass  and  momentum,  closed 
through  a  two-equation  k-e  turbulence  model  in  the 
standard  form  within  the  PHOENICS  package.  In 
particular,  the  system  of  equations  comprises 

(p*5>  -  O  (1) 

axj 
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incorporating  the  turbulence  model 
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with  the  model  constants 

CL  ■  0.09,  C.  ■  1.44,  . 

•*  _  and  Prandtl-Schmidt 

Ca  -  152 

numbers 
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The  probability  density  function  for  mixture 
fraction,  P(£),  is  assumed  to  take  the  general  form 
of  a  beta  function,  whose  detailed  shape  is 
determined  from  the  calculated  first  and  second 

moments,  |  and  jr  The  mean  mixture 


ak  -  1.0,  o,  -  1.3 

The  flow  split  recommended  from  the  water 
analogy  studies  generates  the  flowfield  predictions 
illustrated  in  fig.  2.  The  key  features  of  the 
flowfield  observed  experimentally  are  clearly 
reproduced,  although  significant  quantitative 
differences  exist  in  relation  to  the  strength  and  'eye' 
location  of  the  primary  zone  vortex  (Alizadeh 
(1993)).  These  discrepancies  appear  to  emanate 
from  the  primary  jet  impingement  zones  where 
spatial  property  gradients  are  large  and  the  k-e 
turbulence  model  is  perhaps  least  able  to 
accommodate  the  accompanying  anisotropy.  The 
predicted  mean  axial  and  swirl  velocities  are 
compared  with  reported  laser  Doppler  anemometry 
measurements  at  axial  stations  z  ■  40,  50  and 
60mm,  spanning  the  primary  jet,  in  fig.  3. 


density,  p,  is  inferred  from  an  instantaneous 
state  relationship 

P  -  p(0 

and  evaluated  by  quadrature, 

1 

p-*  -  /  p  'At)  <K  <*> 

0 

State  relationships  are  most  readily  determined 
under  the  assumption  of  complete  chemical 
equilibrium  or  for  laminar  flamelet  burning.  Both 
are  employed  in  comparisons  reported  here  and  the 
strategy  is  extended  to  the  complete  range  of 
scalars,  including  in  particular  •  relative  to  the 
emissions  focus  -  the  temperature,  the  unbumt  fuel 
and  molecular  oxygen  concentrations  and  that  of 
oxygen  atoms. 


C9mtMigttoa  Madil 

A  fast  chemistry,  conserved  scalar  approach  is 
adopted  to  describe  the  combustion  process.  The 
bals  ice  equations  (1)  -  (6).  interpreted  in  terms  of 
Favre-averaged  quantities. 

$  -  P$/  P  . 

are  supplemented  by  equations  for  the  mixture 
fraction  Favre  mean  and  variance,  specifically, 


The  equilibrium  calculations  are  performed  using 
the  program  of  Gordon  and  McBride  (1971)  and 
the  state  relationships  defined  by  curve  fitting. 

Laminar  flamelet  calculations  have  been  carried  out 
in  a  one-dimensional  counter-flow  geometry, 
employing  a  code  developed  by  Waraatz  and  co¬ 
workers  (cf.  Wamatz  (1982)).  Detailed  chemical 
reaction  mechanisms  for  propane-air  are  well- 
established  and  that  employed  here  comprised  52 
chemical  reactions  and  40  species  with  rate  data 
drawn  from  Leung  et  al  (1991).  The  present 
calculations  have  been  performed  over  a  range  of 
inlet  air  temperatures  and  pressures  up  to  800K  and 
8  bar.  The  local  hydrodynamic  strain  rate  is  a 
prescribed  parameter  in  such  calculations.  In  the 
absence  of  strain  rate  information  in  a  practical 
combustor,  a  single  comparatively  benign  level  of 
150  s'1  has  been  adopted  throughout.  Illustrative 
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profiles  are  presented  in  fig.  4  of  the  instantaneous 
state  relationships  for  adiabatic  temperature  and 
oxygen  atom  mole  fraction  emerging  from  such 
flamelet  calculations. 

The  implications  of  these  relationships  for  turbulent 
combustor  predictions  are  discussed  in  later 
sections. 

£UtiJ&  £Uldi  £gmUu 

The  principal  mechanism  of  NO  formation  in  the 
current  generation  of  gas  turbine  combustors  is  that 
identified  by  Zeldovich 


For  combustion  in  air  the  rate  of  NO  formation  is 
thus  primarily  detetmined  by  local  temperature  and 
O-atom  concentration.  The  flamelet  levels  of  the 
latter,  os  illustrated  in  flg.  4b,  are  appreciably  in 
excess  of  equilibrium  -  at  800K,  8  bar; 

X.  >  1.0  x  10°,  X^  -  0.6  x  104 

-  and  will  enhance  formation  rates  accordingly. 

Since  NO  production  is  insignificant  thermally,  we 
may  super-impose  the  calculation  for  NO  mass 
fraction  onto  the  existing  flowfield  solution.  In 
particular,  we  introduce 


Nt  +  O*  NO  ♦  N 

N  +  02~  NO  +  O 

(10) 

supplemented  by  the  further  step 


*3 

N  +  OH  NO  +  H 

*-s 

The  molar  rate  of  NO  formation  can  therefore  be 
identified  as 


(11) 


4  twoi  -  at,  [Ay  icq  x 

Cu 

1  -  K  [NO]2l[NJ  [OJ 
1  +  *-i  [NOlKk,  [OJ  ♦  kJOH\) 

on  the  assumption  that  the  N-atom  concentration 
remains  in  steady  state.  For  trace  concentrations  of 
NO,  far  removed  for  equilibrium,  eq  (11)  may  be 
further  simplified  to 


4  [A®]  -  2*,  [Ay  [01  (12) 
at 

where  the  rate  constant,  k„  takes  the  form 

k,  «  1.36  x  10"  exp  (-37750/T).  (13) 

[mVkmol.s] 
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Saato  f  raduriiaa 

By  comparison  with  oxides  of  nitrogen  the 
underlying  mechanisms  of  soot  formation  and  bum- 
out  remain  quite  poorly  understood.  Fuel  pyrolysis 
mechanisms  are  inevitably  complex,  whilst  the 
heterogeneous  processes  of  surface  growth  and 
oxidation  introduce  interaction  with  incompletely 
specified  physical  properties,  for  example  particle 
size  and  surface  condition.  Progress  has  been 
reported  however  in  relation  to  extending  the 
flamelet  approach  to  encompass  simplified 
representations  of  sooting  processes  in  terms  of  two 
additional  variables,  the  soot  particle  number 
density,  n,  and  volume  fraction,  (Moss  et  al 
(1988),  Young  et  al  (1991)). 

Source  terms  for  these  variables,  incorporating 
representations  of  the  processes  of  nucleation, 
surface  growth  and  coagulation,  take  the  form 
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where  N.  denotes  Avogadro's  number  (6  x 

10*/kmol),  p(  is  the  particulate  soot  density 

(1800  kg  m4)  and  the  individual  processes  are 
described  by 

nucleation 


•  ■  C.par>»  X,  exp  i-TJT) 


t  •  c,« 
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■  120  X 


V  1  +  P»aJ 
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where  the  rate  constants  distinguish  surface  sites  of 
different  reactivity  and 


kA  -  20  exp  (-30,<XXy/?7), 

^  •  4.46  x  IQ'*  exp  (-15.JWOT) 

kg  -  21.3  exp  (4100/10), 

*r  -  1.S1  x  10s  exp  (-97000/127) 


coagulation 

p  ■  (18) 

surface  growth 

Y  ■  cTpT^  X,  of  i-yT) 

The  model  parameters  are  determined 

from  detailed  comparison  betv-een  prediction  and 
experiment  in  laminar  diffusion  flames.  The 
parameter  values  employed  here  are  taken  from  the 
ethylene  flame  study  reported  by  Young  et  al 
(1991). 

Cm  -  1.7  X  10*  (m'kg-'K  'Ps1), 

Cp  -  9  x  1019  (rn'K**-1) 

CT  -  1.26  x  10  u  (i^Jr^jr1), 

C,  -  144, 


T,  -  46.1  x  16»  (K) 

Tr  -  12.6  x  10s  (K) 

Soot  oxidation  is  introduced  through  the  mechanism 
of  Nagle  and  Strickland-Constable  (1961) 


Eq  (19)  i&  surface  area  specific  and  that  of  the  soot 
particle  aerosol  is  determined  from  the  gross 
properties  number  density  and  volume  fraction.  An 
average  particle  size,  D,  may  be  estimated  from 


The  incorporation  of  such  a  mechanism  into 
combustor  predictions  raises  a  number  of  modelling 
issues. 

Following  the  flamelet  approach  outlined  earlier, 
those  aspects  of  these  source  terms  dependent  on 
gas  phase  properties,  for  example  temperature  and 
composition,  may  be  characterised  by  further  state 
relationships  and  averaged  over  the  computed 
mixture  fraction  field.  The  correlation  between 
soot  properties,  n  and  fw  and  mixture  fraction  is 
however  inaccessible  and  has  been  neglected  in 
present  compuiations.  Specifically,  therefore,  we 
consider 


l 

(*/, .«  Hi)  di  a 0) 

0 

In  order  to  reconcile  the  Favre-averaged  flowfield 
model  and  soot  properties,  the  latter  are 


7-4 


incorporated  into  the  turbulent  calculation  in  the 
form 

*'mik  -  <2,) 


A  fully-coupled  calculation  incorporating  both  a 
detailed  soot  formation  mechanism  and  radiative 
loss  is  under  development  but  has  not  been 
incorporated  into  3-D  combustor  calculations.  The 
predictions  reported  here  therefore  consider  the 
temperature  field  to  be  adiabatic. 


Two  additional  balance  equations  are  thereby 
introduced  into  the  equation  set  described  earlier. 


Jit  (22) 

.«♦ 


5-p>  p  p  s; 


6  *  AT.PW.  -  N?  pS;  0?  if 


Pndlptlon  BKna^iment 

The  detailed  property  maps  on  tubular  combustors 
reported  in  the  literature  (Heitor  and  Whitelaw 
(1986),  Bicen  et  al  (1990))  have  been  obtained  over 
a  limited  range  of  inlet  air  temperatures  and 
atmospheric  pressure  operation.  These  studies  did 
not  include  measurements  of  particulate  soot. 
Some  indication  of  the  general  level  of  the  latter 
con  be  inferred  from  the  laser  extinction 
measurements  reported  by  Moss  et  al  (1992)  on  a 
model  tubular  combustor  fuelled  by  kerosine  at 
pressures  up  to  4  bar. 

Calculations  are  presented  here  spanning  three 
operating  conditions  -  300K  inlet  air  temperature 
and  1  bar  pressure;  800K  inlet  and  1  bar;  800K 
inlet  and  8  bar.  The  flow  split  inferred  from  the 
isothermnl  study  has  been  employed  throughout  and 
the  mass  flows  scaled  according  to  a  fixed 


The  simplest  approach  to  the  incorporation  of  this 
model  into  the  combustor  calculations  is  again  to 

post-process  the  solution  for  and  after 

the  maimer  of  the  NO  prediction.  Some 
calculations  of  this  kind  will  be  presented  later. 
However,  two  of  the  conditions  underlying  this 
approximation  will  not  generally  be  satisfied  in  rich 
burning  primary  zones.  In  post -processing  the 
calculation  we  imply  that  the  additionally  computed 
scalars  exert  little  influence  on  the  pre-determined 
flowfield.  Unlike  NO  formation,  soot  production 
may  influence  the  temperature  field  significantly 
through  enhanced  radiative  loss  and  the  mixture 
fraction  field  through  its  action  as  a  sink  for 
carbon,  since  this  is  generally  a  less  reactive  state 
than  the  gas  phase. 

The  latter  problem  has  been  addressed  by  Young  et 
al  (1991)  who  decomposed  the  mixture  fraction  into 
two  contributions,  one  derived  from  the  gas  phase 
and  the  other  from  the  mass  concentration  of  soot. 
The  gas  phase  field  is  locally  leaner  in  the  presence 
of  solid  carbon  in  consequence  and  a  modified 
gaseous  composition  is  inferred  from  the  reduced 
gas  phase  mixture  fraction  through  the  state 
relationships. 


normalised  mass  flow  ^  jTjP)  ^rom  1  bar 

experiment.  The  pollutant  production  processes 
being  modelled  are  strongly  temperature  and 
pressure  dependent  and  the  range  of  conditions 
examined  were  chosen  to  reveal  such  behaviour. 

Illustrative  profiles  of  distributions  over  the  liner 
primary  and  dilution  zones  are  shown  in  fig.  5  for 
mean  mixture  fraction,  temperature,  oxygen  atom 
mole  fraction  and  the  mass  rate  of  nitric  oxide 
formation.  The  state  relationships  underlying  these 
predictions  are  derived  from  flamelet  calculations. 
The  influence  of  mixture  fraction  is  evident 
throughout  these  different  property  maps,  as  might 
be  expected,  but  the  detailed  non-linearity  of  the 
NO  production  source  term  is  apparent  in  the 
comparison  of  figs  5  (c)-(e). 

A  more  detailed  comparison  of  prediction  and 
experiment  is  provided  by  fig.  6  for  planes 

bisecting  the  primary  (0 » <n  and  dilution 

holes  (0  =  3(f)  Both  distributions  and 

absolute  temperature  levels  are  plausibly 
reproduced.  The  computed  primary  zone  profiles 
indicate  slightly  lower  temperatures  than  measured 
on  the  combustor  centre-line  and  suggest  less  rapid 
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mixing  of  the  fuel  jet  initially.  This  is  believed  to 
reflect  the  limited  resolution  of  the  injector 
geometry.  The  radial  penetration  of  the  dilution  jet 
also  appears  slightly  less  than  is  observed 
experimentally  and  is  more  persistent  in  the  axial 
direction  in  consequence.  The  general  level  of 
quantitative  agreement  however  is  good  and 
provides  an  encouraging  basis  for  emissions 
prediction. 

Computed  distributions  of  mean  NO  mass  fraction 
down  the  liner  are  shown  in  fig.  7  for  the  three 
operating  points.  The  NO  -  source  term  illustrated 
in  fig.  5(e)  reveals  limited  production  in  the 
primary  zone  in  comparison  with  that  adjacent  to 
the  wall  between  the  primary  and  dilution  zones 
influenced  by  both  higher  temperatures  and  O-atom 
concentrations.  This  region  is  sharply  terminated 
by  the  dilution  jet  in  the  plane 

0  s  3 ()f  although  further  production  is  evident 

in  the  lee  of  the  jet,  particularly  at  the  higher 
pressure.  Broadly  similar  distributions  are  evident 
under  all  the  conditions  investigated.  Predicted  NO 
levels  are  very  low  (<  5  ppm)  throughout  the 
combustor  under  300K  inlet  air  and  atmospheric 
pressure  conditions.  Profound  increases  however 
accompany  both  increasing  air  temperature  and 
pressure. 

Whilst  the  model  combustor  investigated  by  Heitor 
and  Whitelaw  (1986)  is  similar  to  that  subsequently 
mapped  by  Bicen  et  al  (1990),  modifications  were 
made  to  both  the  swirler  and  dilution  hole  flows. 
The  primary  zone  flow  predicted  here  is  therefore 
richer  than  that  studied  by  Heitor  and  Whitelaw 
but,  in  the  absence  of  NO  data  from  the  later  study, 
fig.  8  illustrates  their  measured  distributions  at  an 
AFR  of  52  for  318K  inlet  air  and  1  bar  conditions. 
Beyond  the  leaner,  higher  temperature  primary  zone 
the  measured  NO  levels  are  comparable  with  those 
predicted  here  despite  the  implied  differences  in  the 
patterns  of  production.  Limited  exit  plane 
measurements  at  750K  air  inlet  temperature  ore  also 
reported  in  this  study,  indicating  levels  in  excess  of 
50  ppm  (cf.  fig.  7(c),  (d)). 

Increasing  the  operating  pressure  to  8  bar  produces 
further  enhanced  NO  levels  approaching  an  order  of 
magnitude  larger.  The  simplified  source  term 
representation  of  eq.  (12)  has  been  retained  for 
comparison  purposes  here  although  the  levels  now 
begin  to  more  nearly  approach  local  equilibrium 
values  in  the  intermediate  zone  of  the  combustor 
and  the  more  complete  representation  of  eq.  (11) 
would  be  more  appropriate.  In  this  simpler 
formulation  NO,  once  generated,  can  only  be 


reduced  by  dilution.  The  peak  level  attained,  1230 
ppm,  is  approximately  30%  of  the  stoichiometric 
equilibrium  value.  The  roughly  linearly  increased 
NO  levels  accompanying  the  higher  pressure  - 
rather  than  the  /P-dependence  which  might  be 
expected  from  the  O-atom  partial  pressure  (cf.  fig. 
4(b))  •  arises  from  compensatory  effects  of 
increased  peak  temperatures  (~  200K,  cf.  fig.  4(a)) 
together  with  reduced  scalar  fluctuation  levels  and 
slightly  increased  residence  times  in  the 
intermediate  zone  of  the  combustor. 

The  predictions  illustrated  thus  far  are  based  on  an 
underlying  laminar  flameiet  model  but  it  is 
instructive  to  compare  such  calculations  with  those 
of  the  fast  chemistry  -  equilibrium  limit,  often 
employed  in  combustors.  Fig.  9  therefore  compares 
mean  temperature  and  NO  predictions  in  the 

0  ■  QP  plane  for  800K  inlet,  1  bar  conditions 

employing  both  flameiet  and  full  equilibrium  state 
relationships.  Whilst  the  peak  equilibrium 
temperatures  ore  higher  than  those  based  on  the 
laminar  flameiet,  they  are  spatially  less  extensive 
and  the  NO-production  term  is  generally  lower  than 
its  flameiet  counterpart  for  mixtures  leaner  than 
4<0.05  reflecting  the  super-equilibrium  O-atom 
concentration.  Despite  their  differing  historie  the 
'exit1  levels  ore  quite  comparable.  A  more  detailed 
discussion  of  these  modelling  issues  is  given  by 
Alizadeh  (1993). 

The  foregoing  predictions  emphasise  the  sensitivity 
of  NO-production  to  temperature  variations  at  the 
level  >  100K  and  must  therefore  raise  doubts 
concerning  the  robustness  of  the  assumption  that 
the  flowfield  is  also  adiabatic.  Radiative  heat 
transfer  will  be  locally  re-distributive  at  such  levels, 
particularly  in  richer  regions,  even  if  the  combustor 
is  near-adiabatic  overall.  Soot  formation  within 
the  combustor  is  therefore  of  interest  not  only  as  an 
exhaust  pollutant  in  its  own  right  but,  through  its 
effect  on  the  temperature  field,  also  as  a  factor 
influencing  NO  formation. 

Predictions  of  the  distribution  of  soot  volume 
fraction  within  the  liner  for  the  three  operating 
conditions  are  illustrated  in  fig.  10.  Broadly  similar 
structure  is  predicted  over  this  range  of  temperature 
and  pressure  with  the  highest  levels  of  soot  volume 
fraction  in  the  intermediate  zone,  punctured  in  the 
plane  0  ■  0°  by  the  primary  jet  and  terminated  in 
the  30°  plane  by  the  dilution  jet.  Tbi  distributions 
me  essentially  annular,  with  low  levels  on  the 
cooler,  leaner  combustor  centre-line  (cf.  fig.  6), 
similar  to  the  extinction  measurements  reported  by 
Moss  et  al  (1992)  also  in  a  tubular  combustor. 


< 
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Soot  production  is  moderately  enhanced  by 
increased  temperature  levels  but  more  dramatically 
by  increased  pressure.  For  the  some  mass  fraction 

(p.fjp),  the  volume  fraction  will  increase 

linearly  with  pressure,  however  the  predicted 
changes  suggest  growth  ap1.  This  sensitivity  is 
significantly  greater  than  that  observed  by  Moss  et 
al  (1989)  and  Young  et  al  (1993)  from 
measurements  in  laminar  and  turbulent  non- 
premixed  flames  respectively.  The  preferential 
enhancement  with  increased  pressure  of  particle 
nucleation  rate,  relative  to  surface  growth,  implied 
by  eq.  (18),  generally  lies  outside  the  range  of 
detailed  experimental  studies  of  laminar  flames 
against  which  simplified  mechanism*  have  been 
calibrated. 

There  is  little  overlap  between  soot  formation  and 
oxidation  regimes  (cf.  fig.  11).  Peak  fomiation  is 
predicted  to  occur  between  adjacent  primary  holes 
in  the  circumferential  direction  (0  -  30°)  but  in 
their  vicinity  axially.  Peak  oxidation  occurs  in 
similar  circumstances  in  the  neighbourhood  of  the 
dilution  jets.  These  jets  effectively  terminate 
further  oxidation  downstream  once  the  mean 
temperature  falls  below  ~  1800K.  Peak  local  mass 

fractions,  P,/,/P.  approach  5%  at  8  bar 

pressure  -  mass  concentration  of  50gm°  -  and 
imply  conversion  rates  for  locally  available  carbon 
approaching  75%.  Evidently  not  a  small 
perturbation  to  the  underlying  composition  field 
which  can  be  simply  accommodated  by  post 
processing. 

Figure  12  illustrates  the  effect  of  incorporating 
carbon  mass  loss  to  the  solid  phase  on  the 
calculation  of  local  mixture  fraction.  In  comparison 
with  Fig.  1 1(a),  the  reduced  gas  phase  component 
of  the  mixture  fraction  restricts  soot  formation  to 
the  more  immediate  neighbourhood  of  the  injector, 
inhibiting  its  production  in  leaner  regions  adjacent 
to  the  primary  jets.  Peak  volume  fraction  levels  are 
roughly  halved. 

A  number  of  uncertainties  surround  this  model  of 
soot  formation  and  oxidation,  both  in  respect  of  the 
simplified  mechanisms  employed  and  in  the 
treatment  of  turbulence  interaction.  The  difficulty 
of  evaluation  is  compounded  by  the  limited  data 
base,  even  in  simpler  combustor  configurations. 
However  these  predictions  do  provide  an 
encouraging  framework  within  which  to  undertake 
a  design  assessment  and  demonstrate  the  potential 
of  currently  accessible  CFD  techniques  in  relation 
to  species  controlled  by  finite  rate  chemistry. 
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130  mm 


Radial  Distributions  of  Axial  (u)  and  Swirl  Velocity  (w) 
at  Stations  Z  *  40,  50  and  60  mm  along  The  Combustor 
in  the  Planes  0  *  0*  and  30°. 
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Figure  4 


Computed  Laminar  Fiamelet  Relationships  for 
Non-premixed  Propane-Air  Combustion. 


Mean  Mixture  I  'ruction  (Plane  (J  -  O’) 


nu 


(b)  Mean  Mixture  Fraction  (Plane  fi  30") 


(c)  Mean  Temperature  |K|  (Plane  0  =  ()") 


(d)  Mean  O-Atom  Mule  Fraction  (Plane  0  =  O'  ) 


et  Mean  Mass  Kate  of  NO  Formation  [  10 4  kg  m 's 1 J 


Figure  5 


Predicted  Property  Maps  tor  t()0K  ink 
1  bar  Conditions. 


Inlet  Temperature  300K,  Pressure  1  bar, 
Plane  0  ■  0°. 


Mean  Temperature  [hj  :  Prediction  and  Experiment 
(Bicen  et  al,  1990) 


HOOK,  8  bar,  0  =  O' 


if)  HOOK,  Khar,  0  =  30' 


f'ijiure  7 


Pirilietal  Mean  NO  Mule  l-radion  |ppm| 


iflkft 


Equilibrium-based  NO  Mole  Faction  {ppm] 


Figure  9 


Comparison  between  Flamelet  and  Equilibrium  Predictions 

for  Mean  Temperature  and  NO  Mole  Fraction  ;  0  =  0°,  KOOK,  1  bar. 


Figure  12  Predicted  Distribution  of  Soot  Production  Source 
Term  for  800K,  8  bar  conditions  (Plane  8  =  0") 
incorporating  the  "Carbon  Feedback"  Mechanism 
[kgm'V'J 
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Discussion 


Question  I.  R.  Parmesan! 

How  many  cells  were  used  in  the  computational  mesh?  How  much  time  did  the  calculation  take  and  on  what  kind  of  a  machine? 
Author’s  Reply 

The  computational  mesh  illustrated  in  Figure  1  comprised  approximately  15,000  cells  (20  X  16  X  45  in  the  x,  e,  z  directions 
respectively)  distributed  within  a  60  degree  sector  incorporating  cyclic  boundaries.  Each  iteration  sweep  required 
approximately  5  minutes  of  CPU  time  on  a  SUN  SPARC  1+  work  station.  Convergence  of  tire  reacting  flows  was  achieved  in 
approximately  2,000  sweeps. 


Question  2.  J.R.  TUston 

I  find  the  NOx  pressure  dependence  very  surprising.  Was  the  combustor  run  at  a  constant  flow  function  at  the  two  pressure 
conditions? 

Author’s  Reply 

The  pressure  dependence  of  NOx  production  implied  by  these  predictions  is  greater  than  expected.  Although  the  calculations 
were  performed  at  a  fixed  flow  function  (m/T/P),  differences  in  key  flow  field  properties  were  predicted  in  relation  to  both  peak 
temperature  and  fluctuation  levels.  Their  influence  on  the  highly  non-linear  rate  expression  is  then  predicted  to  mask  the 
pressure  dependence  anticipated  from  0  —  atom  equilibrium.  The  lengthy  burning  zones  exhibited  in  Figure  6  (a,  b)  are  perhaps 
untypical  and  exaggerate  these  effects. 


Question  3.  T.  RosQord 

Experimental  evidence  for  a  can  combustor  containing  a  single  pressure  atomizing  injector/swirler  configuration  indicated  a 
reduction  in  soot  mass  fraction  (soot  loading)  by  100.  Do  your  results  also  show  a  strong  consumption  of  soot? 

Author’s  Reply 

The  integrated  mass  fractions  at  planes  along  the  combustor,  necessary  to  address  this  question  fully,  have  not  been  computed, 
but  the  predicted  effect  of  oxidation  is  here  generally  less  dramatic  than  the  quoted  value  suggests.  The  reduction  in  soot  mass 
concentration  does  not  exceed  a  factor  of  10. 

More  specifically,  the  predicted  soot  formation  zones  are  not  compact  but  extend  into  the  intermediate  zone  between  the 
primary  jets,  changing  the  balance  between  the  competing  processes.  While  the  dilution  jets  do  bring  about  a  composition  field 
favouring  oxidation,  the  accompanying  temperature  falls  rapidly  to  levels  at  which  the  Nagle  and  Strickland-Constable 
mechanism  employed  here  is  comparatively  ineffective.  Recent  studies,  however,  have  suggested  an  important  enhanced  role  for 
oxidation  via  OH,  rather  than  02,  in  combustion  zones.  Uncertainties  over  soot  particle  size,  and  therefore  the  effective  aerosol 
surface  area,  further  compound  the  problem. 

Optical  measurements  of  soot  volume  fraction  in  a  model  tubular  combustor  at  Cranfield  do  not  suggest  quite  such  a  large 
disparity  in  formation  and  oxidation  rates,  albeit  at  modest  pressures  and  air  preheat.  There  is  clearly  a  need  for  more  detailed  in- 
situ  soot  measurements  at  realistic  combustor  operating  conditions  to  refine  the  discussion  of  such  issues. 
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NUMERICAL  PREDICTION  OF  TURDULENT  SOOTING  DIFFUSION  FLAMES 


P.J.  Coelho,  T.L.  Farias,  J.C.F.  Perelri  and  M.G.  Carvalho 
Mechanical  Engineering  Department 
Instituto  Superior  Tdcnico,  Technical  University  of  Lisbon 
Av.  Rovisco  Pais,  1096  Lisboa  Codex.  Portugal 


SUMMARY 

Soot  formation  is  an  important  but  poorly  understood  subject. 
Although  significant  advances  have  been  made  in  the  last  few 
yean,  soot  formation  models  for  numerical  calculation  still 
present  recognised  shortcomings.  The  objective  of  this  paper  is 
to  compare  different  soot  formation  models  in  the  calculation  of 
a  propane  turbulent  diffusion  flame  and  to  investigate  the 
influence  of  soot  agglomeration  and  refractive  index  on  soot 
volume  fraction  values  inferred  from  extinction  measurements. 
The  time-averaged  equations  governing  conservation  of  mass 
and  momentum  are  closed  by  the  k-e  eddy  viscosity/diffusivity 
model  and  combustion  is  modelled  using  the  laminar  flamelet 
approach.  Soot  prediction  involves  the  solution  of  transport 
equations  for  soot  particle  number  density  and  soot  mass 
fraction.  The  uncertainties  of  soot  volume  fractions  obtained 
from  extinction  measurements  due  to  agglomeration  and  the 
value  of  the  complex  refractive  index  were  studied.  Results 
using  Rayleigh  approximation  were  compared  with  predictions 
using  the  model  presented  by  Iskander  et  al.  for  scattering  and 
extinction  of  light  by  an  ensemble  of  spherical  particles. 


LIST  OF  SYMBOLS 


A  — 

constant  in  Magnussen  et  al  model  (see  eq. 

U) 

C2 

Ca,  Cp.  Cy,  Ma, 

constant  in  transport  equation  for  e 

My.Ta.Ty 

constants  in  Stewart,  Syed  and  Moss 
model  (see  eqs.  5-9) 

Q 

constant  in  Lee  et  al  model  (see  eq.  12) 

Cent.  Qe*t 

extinction  cross  section  and  efficiency 

Cf,  n  — 

constants  in  Khan  and  Greeves  model  (see 
eq.  3) 

E  — 

activation  energy 

E  i,  inc.  ici 

electric  field  of  the  ith  particle,  incident  and 
scattered  respectively 

«o.  Eo  — 

unit  vector  in  the  direction  of  the  incident 
electric  field;  intensity  of  incident  electric 
field. 

f  — 

mixture  fraction 

fv  - 

soot  volume  fraction  [mj/m3] 

Io.  I  — 

entering  and  leaving  intensity  of  laser  beam 
crossing  the  flame 

k  — 

imaginary  pan  of  soot  refractive  index 

k  — 

wave  number  [m-1| 

k.  e  — 

Ka.Kb. 

turbulent  kinetic  energy  and  its  dissipation 
rate 

kt.  Kz  ~ 

constants  in  Nagle  et  al  model  (see  eq.  13- 
14) 

kext  ~ 

extinction  coefficient  |m  1 1 

L  — 

path  length. 

in  — 

soot  refractive  index  (m*n+ik) 

N 

number  of  primary  particles  in  the 
agglomerate 

n 

_ 

real  pan  of  soot  reftactive  index 

No 

— 

Avogadro  number 

np 

— 

soot  panicle  number  density 

Pi 

— 

panml  pressure  of  species  i 

R 

— — 

gas  constant;  radius  of  a  spherical  primary 
panicle. 

(R,  e,  <t» 

— 

coordinates  of  the  centre  of  the  ith  sphere. 

s 

— 

source  term  of  the  transport  equations 

Si 

— 

self  interaction  term  (see  eq.  19) 

s 

— 

stoichiometric  oxygen  requirement  for  fuel 
combustion 

S, 

— 

stoichiometric  oxygen  requirement  for  soot 
combustion 

T 

— 

temperature 

Tij 

— 

3x3  matrix  in  terms  of  spherical  Bessel 
functions  and  associated  Legendre 

functions. 

w 

— 

oxidation  rate  [gcnr2s  '1 

X 

mole  fraction 

X 

primary  particle  size  parameter  |x  =  J 

a, 8 

— 

nucleation  rate 

P 

~ 

coagulation  rate 

E 

— 

dielectric  constant 

<t> 

equivalence  ratio 

Y 

— 

surface  growth  rate 

X 

— 

wavelength  |m| 

P 

— 

density 

Superscripts 

*  —  conjugate 
'  —  mean  value 

A  —  vector 

Subscripts 

s  — 

soot 

02  — 

oxygen 

fu  — 

fuel 

f  — 

formation 

d  — 

oxidation 

I .  INTRODUCTION 

The  problem  of  soot  formation  and  oxidation  has  received 
significant  attention  due  to  its  practical  importance  in  combustion 
equipment.  However,  the  complexity  of  the  soot  formation 
mechanisms  has  prevented  the  development  of  reliable 
modelling  approaches.  The  evaluation  of  soot  formation  and 
oxidation  models  is  generally  accomplished  by  means  of 
comparison  of  predicted  soot  concer. ration  with  available 
measurements.  Experimental  values  of  soot  concentration  are 
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ofien  deduced  from  extinction  measurements,  assuming  that 
soot  particles  are  spherical  and  small  compared  to  the 
wavelength.  However,  this  assumption  is  questionable  due  to 
soot  agglomeration  and  to  uncertainties  regarding  the  soot 
refractive  index. 

The  purpose  of  the  present  paper  is  twofold.  First,  to  compare 
several  soot  formation  and  oxidation  models  by  means  of 
comparison  of  their  ability  in  predicting  soot  concentration  in  a 
propane  turbulent  diffusion  flame  for  which  measurements  are 
available.  Second,  to  investigate  the  influence  of  soot 
agglomeration  and  soot  refractive  index  on  the  values  of  soot 
volume  fraction  inferred  from  extinction  measurements. 


rate  of  air  and  fuel.  More  recently,  severul  authors  have  pointed 
out  that  molecular  oxygen  is  not  necessarily  the  only  species 
responsible  for  soot  oxidation  and  the  role  of  OH  radicals  may 
be  significant  (Ref.  19,  20). 

In  this  work  the  soot  formation  models  of  Ref.  2  and  1 1  are 
applied  to  the  propane  turbulent  diffusion  flame  studied 
experimentally  by  Nishida  el  a1.  (Ref.  21)  and  which  was 
modelled  recently  by  Fairweather  et  al  (Ref.  15).  The  soot 
oxidation  models  of  ref.  4, 17  and  18  are  employed. 

1.2.  Soot  volume  fractions  inferred  from  extinction 
measurements 


1. 1  Modelling  of  Sooting  Diffusion  Flames 

Soot  formation  models  are  generally  based  either  on  one-step 
kinetic  mechanisms  or  two-step  mechanisms.  A  review  of  one- 
step  kinetic  mechanisms  was  presented  by  Mullins  et  al.  (Ref. 
I).  A  simple  kinetic  expression  often  used  in  calculations  in 
furnaces  and  boilers  is  due  to  Khan  and  Greeves  (Ref.  2), 
although  it  was  originally  developed  for  Diesel  engines.  Testier 
et  al.  (Ref.  3)  proposed  a  two-step  mechanism  where  the  first 
stage  represents  formation  of  radical  nuclei,  involving  fuel 
cracking,  branching  and  coagulation  steps,  and  the  second  stage 
describes  formation  of  soot  particles  from  the  radical  nuclei. 
This  model  was  applied  to  turbulent  acetylene-air  flames  (Ref. 
4)  and  to  propane  turbulent  jet  flames  (Ref.  5). 

The  laminar  flamelet  approach  has  been  the  basis  of  recently 
developed  soot  formation  models.  A  straightforward  extension 
of  the  flamelet  concept  to  soot  volume  fractions  is  not  possible. 
Gore  et  al.  (Ref.  6)  have  shown  that  calculations  based  on  a 
relationship  between  soot  volume  fraction  and  mixture  fraction 
yield  reasonable  predictions  in  me  overfire  region.  A  similar 
approach  was  followed  by  Kent  et  al.  (Ref.  7)  who  established 
the  relationship  between  instantaneous  soot  volume  fraction  and 
mixture  fraction  from  measurements  in  turbulent  flames.  They 
concluded  that  in  the  lower  part.,  of  the  flame  this  formulation  is 
not  adequate  and  a  finite  chemical  rate  model  is  needed  The 
maximum  soot  concentrations  further  up  the  flame  are  less 
dependent  on  residence  time  and  a  mixture  fraction  aporoach 
may  be  useful  there. 

Moss  and  coworkers  (Ref.  8,  9)  presented  a  model  based  on  the 
solution  of  transport  equations  .or  the  soot  particle  number 
density  and  soot  mass  fraction  and  accounting  for  the  processes 
of  nucleation,  coagulation  and  surface  growth.  The  rales  of 
these  processes  are  expressed  as  functions  of  mixture  fraction. 
The  constants  of  the  model  were  determined  from  numerical 
experiments  to  optimize  the  predictions  of  a  laminar  diffusion 
flame  of  ethylene.  A  modification  of  the  surface  growth  term 
was  later  proposed  to  cope  with  experimental  evidence  in 
methane  and  pre-vaporized  kerosene  flames  (Ref.  10,  II),  A 
similar  model  was  suggested  by  Kennedy  et  al.  (Ref.  12,  13) 
who  prescribed  the  soot  particle  number  density,  based  on 
experimental  data,  rather  than  solving  a  transport  equation  for 
this  quantity. 

Leung  et  al.  (Ref.  14)  and  Fairweather  et  al.  (Ref  15,  16? 
proposed  a  model  based  on  the  solution  of  the  same  transport 
equations  and  on  the  simulation  of  the  same  physical  phenomena 
of  Moss  and  coworkers  model.  However,  they  assume  that 
nucleation  and  surface  growth  rates  are  related  to  the 
concentration  of  a  characteristic  pyrolysis  product,  taken  as 
acetylene,  rather  than  the  concentration  of  fuel.  The  model  was 
successfully  applied  to  counterflow  diffusion  flames  of  ethylene 
and  propane,  a  turbulent  natural  gas  jet  in  a  cross-wind  and  to  a 
turbulent  diffusion  propane  flame. 

Most  of  the  works  mentioned  above  include  a  model  of  soot 
oxidation.  The  semi-empirical  formula  of  Nagle  and  Strickland- 
Constable  (Ref  17)  was  used  by  Syed  et  al  (Ref  10)  in  their 
predictions  of  thermal  radiation  in  buoyant  turbulent  diffusion 
flames  The  oxidation  rate  express. on  due  to  chemical  kinetics 
and  proposed  by  Lee  et  al  (Ref.  18)  was  incorporated  in  the 
model  of  latung,  Fairweather  and  co-workers.  Magnussen  et  al 
(Ref.  4)  used  their  own  oxidation  model  which  is  based  on  the 
assumption  that  the  oxidation  rate  is  controlled  by  the  mixing 


Extinction  measurements  have  been  extensively  used  to  measure 
the  rates  of  soot  formation  and  soot  concentration  for  various 
different  types  of  flames  and  fuels  (see  Ref. I,  8,  22,  23  and 
references  therein).  Based  on  extinction  measurements  soot 
volume  fractions,  among  other  properties,  can  be  inferred  by 
using  an  appropriate  method  capable  of  predicting  the  extinction 
efficiencies  of  the  soot  particles  encountered  in  the  zone  of  the 
flame  in  study,  The  method  most  commonly  used  to  relate  the 
extinction  measurements  to  soot  volume  fractions  is  based  on 
the  assumption  that  soot  particles  are  spherical  and  small 
compared  to  the  wavelength  (size  parameter,  x,  much  smaller 
than  unit).  The  one  term  Rayleigh  limit  expression  for 
computing  the  extinction  efficiencies  is  used  and  the  following 
expressions  are  obtained: 


(1) 


In 


L  (2) 

where  n  an  k  denote  the  real  and  complex  parts  of  the  soot 


refractive  index:  X,  the  wavelength  of  the  laser  beam;  Io  and  I, 
the  entering  and  leaving  intensity  of  the  beam  crossing  the  flame 
and  kext  the  extinction  coefficient. 


As  it  has  been  stated  by  several  authors  (Ref.  22-26)  soot 
particles  in  flames  generally  possess  two  basic  morphological 
forms.  In  its  early  stage  of  formation  soot  particles  are 
approximately  sphericu)  in  shape  and  present  mean  diameters 
between  10  and  60  nm  (Ref.  22).  These  sphere-like  primary 
units  clearly  satisfy  the  Rayleigh  limit  and  soot  volume  fraction 
can  therefore  be  obtained  using  equations  1  and  2.  Nevertheless, 
these  primary  particles,  beyond  a  certain  stage  in  their  evolution, 
tend  to  group  by  agglomeration,  forming  chain-like  clusters 
composed  of  these  primary  units.  While  the  primary  particles  are 
reasonably  small,  the  aggregates  may  consist  of  a  wide  range  of 
primary  particles  leading  to  an  equivalent  size  parameter  that 
most  frequently  exceeds  one.  The  applicability  of  the  Rayleigh 
approximation  can  and  should  therefore  be  questioned. 

Besides  assuming  a  specific  morphology  for  soot  the  complex 
refractive  index  (m=n+ik)  used  in  equation  1  is  a  parameter  that 
has  to  be  selected  before  calculating  soot  volume  fractions  from 
the  attenuation  of  the  intensity  of  a  laser  beam.  A  wide  variety  of 
values  for  m  can  be  found  in  the  literature.  Depending  on  the 
experimental  or  theoretical  method  used,  as  well  as  the  type  of 
flame  and  fuel,  the  real  part  of  the  refractive  index  obtained  by 
different  authors  varies  between  1.4  and  2  while  the  values  of 
the  imaginary  part  may  fall  in  (he  range  of  0  4  to  I  (Ref.  26). 

The  purpose  of  the  second  pan  of  this  study  is  to  investigate  the 
influence  of  soot  agglomeration  and  soot  refractive  index  on  the 
values  of  soot  volume  fractions  obtained  for  an  extinction 
coefficient.  For  a  reference  extinction  measurement  where  l/to, 
X  and  L  are  pre-established  (see  equation  2),  soot  volume 
fractions  obtained  for  different  types  of  soot  morphology  and 
covering  the  soot  refractive  index  range  are  calculated  The 
i  iflyeiice  of  these  two  parameters  is  then  analysed 


The  mathematical  models  used  in  this  study  are  described  in  the 
next  section  Then,  the  results  obtained  are  presented  and 
discussed.  The  main  conclusions  achieved  are  summarized  in 
the  last  section. 
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2 .  MATHEMATICAL  MODELS 

2.1  Governing  Equations,  Turbulence  and 
Combustion  Models 


formation.  The  source  term  of  the  transport  equation  for  soot 
mass  fraction  is  given  by; 

Sf  (m,)  ■  Cr  pfU  0n  exp  (-  E/RT)  (3) 


The  model  employed  to  calculate  the  velocity  and  temperature 
fields  and  the  species  concentrations  distributions  is  based  on 
the  numerical  solution  of  the  density-weighted  average  form  of 
the  equations  governing  conservation  of  mass  and  momentum 
and  transport  equations  of  scalar  quantities. 

The  k-e  eddy  viscosity/diffusivity  model  was  employed  to  close 
these  equations.  Standard  values  were  used  for  ail  the  constants 
except  for  constant  C2  in  the  transport  equation  for  the 
dissipation  rate  of  turbulent  kinetic  energy.  The  configuration  of 
the  flame  studied  in  this  work  is  similar  to  a  round  jet  whose 
spreading  rate  is  overestimated  by  first  and  second  moment 
closures.  Several  modifications  of  the  k-E  model  have  been 
proposed  to  overcome  this  problem  in  isothermal  round  jets 
(see,  e.g.,  Ref.  27).  Here,  we  have  simply  reduced  C2  to  1.65, 
as  discussed  in  the  following  section.  A  reduction  of  the 
standard  value  of  C2  was  also  the  solution  of  Fairweather  et  al. 
(Ref.  15),  who  employed  a  second  moment  closure,  to  bring  the 
predicted  flame  spreading  rate  into  agreement  with 
measurements. 

Combustion  was  modelled  using  the  conserved  scalar/prescribed 
pdf  formalism.  The  mixture  fraction  was  the  scalar  chosen  and  a 
clipped  gaussian  shape  was  assumed  for  the  probability  density 
function  of  mixture  fraction.  The  laminar  flamelet  model  was 
used  to  relate  temperature  and  species  concentrations  to  mixture 
fraction.  The  resultant  relation  between  temperature  and  mixture 
fraction  is  valid  for  an  adiabatic  flame,  but  does  not  hold  for  a 
sooting  flame  due  to  the  radiative  heat  loss.  Therefore,  a  method 
has  to  be  devised  to  relate  temperature  to  mixture  fraction 
accounting  for  heat  losses. 

It  is  possible  to  use  a  model  to  calculate  soot  concentration  and 
to  estimate  the  radiative  heat  transfer.  Then,  an  energy  equation 
may  be  solved  and  a  relationship  between  enthalpy  and  mixture 
fraction  assumed  to  compute  flame  temperature  taking  into 
account  the  radiative  heat  loss.  However,  this  procedure  is  not 
recommended  when  the  soot  formation  or  oxidation  models  are 
evaluated  by  comparing  predicted  soot  concentration  with 
available  measurements.  In  fact,  soot  formation  and  oxidation 
are  strongly  dependent  on  temperature.  Therefore,  temperature 
and  soot  distributions  both  depend  one  on  the  other.  Soot 
concentration  influences  radiation  which  influences  enthalpy 
and,  therefore,  temperature  and  soot  concentration.  Supposing 
that  soot  formation  and  oxidation  models  are  accurate  enough  to 
provide  a  correct  distribution  of  soot  concentration,  it  may 
happen  that  modelling  assumptions  concerning  the  influence  of 
turbulence/  radiation  interaction  or  enthalpy/mixture  fraction 
relationship  yield  an  inaccurate  temperature  field.  In  such  a  case, 
predicted  soot  concentration  would  be  poorly  predicted  because 
the  temperature  field  was  not  correct.  Consequently,  it  is  better 
to  decouple  soot  from  temperature  predictions  if  attention  is 
focused  on  evaluation  of  soot  formation  models 

A  simple  method  suggested  in  ref.  28  was  used  to  adjust 
flamele,  temperatures  as  a  function  of  mixture  fraction  such  that 
peak  mean  temperatures  are  in  agreement  with  the 
measurements.  The  same  procedure  was  used,  among  others,  in 
ref.  10,  14,  15  and  16. 


where  Cr  and  n  are  constants  of  the  model.  The  equivalence 
ratio,  0,  the  fuel  partial  pressure,  pru,  and  the  temperature,  T, 
may  be  related  to  mixture  fraction  and  the  mean  value  of  the 
source  term  is  computed  by  integration: 

Sf=p|  ^P(f)  df  (4) 

Soot  formation  occurs  only  for  values  of  <t>  in  the  range  £  0 
£  $mix>  where  0mjn  stands  for  the  incipient  sooting  limit  and 
$mu  is  a  value  above  which  soot  formation  becomes  negligible. 

(ii)  Stewart,  Syed  and  Moss  (Ref,  11) 


This  model  solves  transport  equations  for  the  soot  particle 
number  density,  np,  and  soot  mass  fraction,  m„  whose  source 
terms  are  calculated  as  follows: 


Sf(m,)  *  y  np1/3  +  8  (6) 

a  *  Ca  p2  Vn  X}*a  exp  (-T</T)  (7) 

P  =  Cp  T««  (8) 

Y=C7pTl'2Xf^(-T/T)  (9) 

8=  144  a  (10) 


where  Ca,  Cp,  Cy,  Ma,  My,  Ta  and  Ty  are  constants  of  the 
model.  The  two  terms  in  the  second  member  of  equation  (5) 
describe  the  processes  of  nucleation  and  coagulation, 
respectively,  and  the  two  terms  in  the  second  member  of 
equation  (6)  represent  the  contributions  of  surface  growth  and 
nucleation.  Equation  (4)  is  employed  to  calculate  the  mean 
values  of  the  source  terms. 

2.3  Soot  oxidation  models 


(Hi)  Magnussen  and  Hjertager  (Ref.  4) 


This  model  assumes  that  turbulence  decay  controls  the  rate  of 
soot  oxidation.  The  source  term  is  computed  as  the  minimum  of 
two  expressions,  one  appropriate  in  regions  where  the  local 
mean  soot  concentration  is  low  compared  to  the  oxygen 
concentration  and  the  other  applicable  to  regions  where  oxygen 
concentration  is  low  and  limits  the  oxidation  rate: 

m,Sl  ~E|  (II) 


Sd  =  min  A  m,  p  A  2^2 

0  1  ‘ K  k  s,  m,  s,  +  mfu  s 

where  A  is  a  constant  of  the  model. 


Of  I 


(iv)  Lee,  Thring  and  Beer  (Ref.  18) 

This  model  estimates  the  rate  of  soot  oxidation  using  a  simple 
kinetic  rate  expression: 

Sd  =  Cdm,  ^  exp(-E/RT)  (12) 

where  Cd  is  a  constant  of  the  model. 

(v)  N a?  le  and  Strickland  Constable  (Ref  .  17) 


The  governing  equations  are  discretized  using  a  finite 
volume/finite  differences  method  and  solved  using  the  SIMPLE 
method.  The  results  obtained  are  used  as  input  data  for  the 
subsequent  solution  of  transport  equations  for  the  soot  particle 
number  density,  when  the  soot  formation  model  involves  this 
quantity,  and  soot  mass  fraction  The  soot  formation  and 
oxidation  models  employed  in  this  work  are  described  below. 


The  rate  of  oxidation  of  soot  particles  (g  cm 2  s  •)  is  given  by: 


w  -  12 


-r^-^TT-jx  +  Kb  Poz(l-x) 
I+K/.P02 


(13) 


where 


x 


_Kl 

P02  Kr; 


(14) 


2.2  Soot  formation  models 
(1)  Khan  and  C reeves  (Ref .2) 

This  model  uses  a  simple  kinetic  rate  expression  to  model  soot 


and  Ka,  Kb,  Kj  and  K /,  are  rate  constants  given  in  ret  17.  The 
source  terms  of  the  transport  equations  for  soot  particle  number 
density  and  soot  mass  fraction  may  be  obtained  from  equation 
(13)  (see  Ref.  10). 
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2.4  Soot  volume  fractions  Inferred  from  extinction 
measurements 


Soot  volume  fraction,  fv,  and  particle  number  density,  np, 
based  on  extinction  measurement  are  calculated  from  the 
following  expressions: 


fy  “V  tool  ■  np 


where  kext  is  a  direct  output  of  the  experimental  measurements, 
and  C,,i  is  the  extinction  cross  section,  a  value  that  strongly 
depends  on  the  shape,  size  and  refractive  index  of  the  soot 
particles. 


Soot  Extinction  Crons  Section  of  Primary  Particles  ■  Rayleigh 
Limit  Approximation 


should  therefore  be  used  exclusively.  Following  these 
conclusions  the  ICP  method  was  adopted  in  the  present  work 
for  the  calculations  of  extinction  cross  sections  of  the 
agglomerates. 


Following  ref.  31,  Jones  nomenclature  and  formulation  were 
adopted  to  describe  the  ICP  method.  The  solution  of  the 
scattering  of  an  electromagnetic  wtwe  by  an  agglomerate  of  N 
spheres  starts  by  obtaining  the  internal  electric  field  of  each 
primary  panicle  in  the  agglomerate  due  to  the  incident  field,  the 
secondary  fields  of  all  the  particles  surrounding  the  particle  in 
study  and  the  field  of  the  particle  itself.  The  internal  field  Ej  of 
the  ith  particle  can  be  obtained  by  solving  a  linear  system  of 
3Nx3N  equations  of  the  form: 


Ei 


f_:_L 
e  +  2 


t 


^ij  Ej +  si  Ej : 


1,  2...  N 


The  approximate  expressions  used  for  the  extinction  cross 
sections  of  small  spheres  were  the  one  and  three  term  series 
presented  in  ref.  29  depending  on  the  size  parameter  and 
refractive  index  chosen  for  the  soot  particles.  The  three-term 
expression  can  be  expressed  as  follows: 

(15) 


where  Qc»i  is  obtained  from: 


?!  »  4  (n2  +  k2P+  12  (n2  -  k2)  +  4, 

Z2  =  4  (n2  h  k2f  +  1 2  (n2  -  k2)  +  9  (16) 

For  the  one-term  expression  both  the  x3  and  x4  terms  are 
neglected.  As  mentioned  by  Ku  and  Felske  (Ref.  30),  less  than 
one  percent  error  in  using  Rayleigh  expressions  compared  to  the 
exact  Mie  calculations  can  be  obtained  with  the  one  term 
approximation  when 

xS  0.238  |m| 5/3  (17) 

while  for  the  three  term  approximation  the  inequality  to  be 
satisfied  is  less  restrictive  and  given  by: 

x  S 0.386|m|  '  09  (18) 

For  each  Rayleigh  calculation  performed  in  this  paper  these  two 
inequalities  were  tested  and  depending  on  the  results  the  one 
term  or  the  three  term  expression  was  used. 

Extinction  Cross  Section  of  Soot  Agglomerates 

An  extensive  comparison  of  three  different  solution  methods  for 
calculating  the  extinction  cross  section  of  soot  agglomerates 
consisting  of  assemblies  of  primary  particles  in  the  Rayleigh 
approximation  was  presented  by  Ku  and  Shim  (Ref.  31), 
namely  the  Iskander  et  al  method  (Ref.  32),  the  Purcell  and 
Pennypacker  model  (Ref.33)  and  the  Jones  solutions  (Ref.34, 
35).  Although  different  in  their  mathematical  approaches  these 
three  methods  involve  the  solution  of  an  identical  system  of 
linear  equations  with  slightly  different  coefficient.  The  main 
differences  between  the  three  approaches  reside  in  ihe  fact  that 
Jones  solution  includes  multiple  scattering  terms  up  to  the 
second  order  whereas  the  others  include  terms  up  to  the  third 
order.  The  Iskander  et  al  method  (which,  for  abbreviation,  will 
be  addressed  to  as  ICP)  >s  the  only  one  that  includes  a  self¬ 
interaction  term  when  calculating  the  electric  field  induced  in 
each  particle.  The  major  conclusions  achieved  by  the  authors 
mentioned  above  were  the  following:  according  to  the  level  of 
accuracy  and  range  of  applicability  the  ICP  solution  is  the  best, 
followed  by  the  Purcell  and  Pennypacker  and  Jones:  for  the 
range  of  validity  of  the  methods  (according  to  the  size  parameter 
of  the  primary  particles  and  absolute  value  of  the  refractive 
index)  the  ICF  method  outseores  once  again  its  competitors. 
Since  all  the  three  methods  require  approximately  the  same 
amount  of  computational  time  and  storage,  the  ICP  solution 


According  to  ref.  31,  the  value  of  the  primary  particle  size 
parameter  should  not  exceed  0.8  Km2  +  5)/(2m2  +  lj  for  a 
<10%  error  on  extinction  cross  sections. 


Once  the  electric  fields  inside  each  primary  particle  are  known 
the  solution  for  the  scattered  wave  at  any  point  (R.  6, 0)  in  the 
far  field  for  an  agglomerate  of  particles  can  be  given  by  (see 
Ref.  31,34,35): 

(20) 

where  F  (?) » (-i)lM-)  exp  (-ikr*  cos  Pi) (©i  0  -Mt>i  tp) 

and  cos  pi  =  cos  0i  cos  0  +  sin  0,  sin  0  cos  (<p,  —  4>).  (R,  0 ,  $ ) 
are  the  coordinates  of  the  centre  of  the  ith  sphere,  0,  and  d>i  the 
components  of  the  internal  electric  field  in  the  0  and  d> 
directions,  given  by: 

0(  =  cos  0  cos  $  E„,i+  cos  0  sin  0  Ey ;-  sin  0  E, , , 


«J>i  =  -  sin  0  E,  ,  +  cos  0  Ey  i ,  (21) 

The  extinction  cross  section  can  be  derived  from  the  following 
expression  (Ref.  36): 

-2  t  .  .  1 


C«,i=4nk  Re 


Et£o ■  Fe  =  <j)  =  o|  ■ 


(22) 


where  Re  denotes  the  real  part  of  the  complex  quantity  and  the 
superscript  *  refers  to  the  complex  conjugate.  So  is  a  unit  vector 
in  the  direction  of  the  incident  field  with  intensity  E0,  For 
agglomerates  of  uniform  sized  particles  the  resulting  extinction 
cross  section  equation  is: 


C„,  =  kR3  Im 


If  1)5}  expf-ikz,)  Eo  6«  •  E, 


i*1 


(23) 


A  more  detailed  description  of  the  present  formulation  can  be 
found  elsewhere  (Ref.  31-37). 


3.  RESULTS  AND  DISCUSSION 

This  chapter  is  dedicated  to  the  presentation  and  discussion  of 
the  results.  The  first  part  deals  with  the  prediction  of  soot 
concentration  in  a  turbulent  diffusion  flame  and  the  second  part 
analyses  the  uncertainties  arising  in  the  inference  of  soot 
concentration  from  extinction  measurements. 


3.1.  Calcufafion  of  a  turbulent  sooting  diffusion 
flame 

The  propane/air  turbulent  diffusion  flame  analysed 
experimentally  by  Nishida  and  Mukohara(Ref  21)  is  considered 
here  as  a  basis  for  comparison  of  the  soot  formation  and 
oxidation  models  described  in  the  previous  section.  The  results 
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Figure  1  —  Predicted  and  measured  radial  temperature  profiles  (solid  line;  predictions; 
symbols;  measurements  of  Nish'da  am!  Mukohara,  19b?.). 


may  also  be  compared  with  the  predictions  of  Fairweather  et  al. 
(Ref.  15)  who  recently  studied  this  flame.  Propane  at  ambient 
temperature  is  introduced  in  the  combustion  chamber  through  a 
nozzle  of  inner  diameter  2.0  mm  at  an  average  velocity  of 
30m/s.  Airis  supplied  through  an  annulus  surrounding  this  pipe 
with  an  average  velocity  of  0  4  m/s  and  at  a  temperature  of 
50’C.  The  combustion  chambe  r  has  an  internal  diameter  of  115 
mm. 

Temperature  and  Species  Concentration 

In  the  soot  formation  and  oxidation  models  evaluated  in  this 
work  the  source  terms  are  dependent  on  the  temperature, 
density,  oxygen  and  fuel  concentrations.  Therefore,  it  is 
important  to  investigate  how  accurate  the  predictions  of  these 
quantities  are. 

The  predicted  radial  emperature  profiles  are  compared  with  the 
measurements  in  fig.  1 .  It  can  be  seen  that  the  name  width  is 
slightly  overpredicted.  In  fact,  the  peak  temperature  at  z  =  100 
mm  occurs  at  a  larger  distance  from  the  centreline.  The  reduction 
of  constant  C2  of  the  turbulence  model  yields  an  increase  of  the 
dissipation  rate  of  turbulent  kinetic  energy  and  a  decrease  of  the 
turbulent  viscosity.  Consequently,  the  diffusion  is  smaller  and 
larger  temperature  gradients  occur.  Hence,  a  smaller  value  of  C2 
would  improve  the  predictions  at  the  outer  flame  edge  but  at  the 
expense  of  a  decrease  of  the  centreline  temperature.  It  was  found 
that  C2  ■  1.65  is  the  best  compromise  between  the  predictions 
of  centreline  temperature  and  flame  width.  At  z  *  200  mm  the 
temperature  is  again  overpredicted  at  the  outer  flame  edge  but  a 
good  agreement  with  the  data  was  obtained  farther  downstream. 
Fairweather  et  al.  (Ref.  15)  predicted  well  the  flame  width  but 
they  overestimated  the  centreline  temperatures  at  z  *  200  mm 
ana  z  *  300  mm.  As  in  their  calculations,  we  have  also 
overpredicted  the  centreline  temperature  at  axial  stations  beyond 
0.5  m  (not  shown  here).  This  has  been  attributed  to  the  radiative 
heat  loss  treatment  (Ref.  15). 


The  computed  fuel  and  oxygen  mole  fractions  at  axial  stations 
z  =*  100  mm  and  z  «=  300  mm  arc  compared  in  fig.  2  with  the 
available  data.  The  mole  fraction  of  oxyger  is  reasonably  weil 
predicted  but,  contrary  to  the  calculations,  small  amounts  of 
oxygen  were  measured  within  the  flame  region.  A  similar 
behaviour  was  found  in  the  model  of  Fuirweathcr  et  al  (Ref. 
15).  The  model  overestimates  the  centreline  fuel  mole  fraction. 
This  is  a  consequence  of  the  reduction  of  C2  constant  and  it  is 
the  price  to  pay  for  a  reasonable  prediction  of  the  flame  width. 
Nevertheless,  the  conc.-nttation  gradient  in  the  flame  zone 
closely  follows  the  data. 

On  the  whole,  the  predictions  of  temperature,  oxygen  and  fuel 
concentration  are  satisfactory  and  sufficiently  close  to  the  data  to 
allow  the  comparison  of  the  soot  formation  and  oxidation 
models  presented  below. 

Soot  Formation  Model  of  Khan  and  Greeves  (Ref.  2) 

A  sensitivity  study  of  Khan  and  G reeves  (Ref.  2)  soot  formation 
model  is  shown  in  fig.  3.  The  soot  oxidation  model  of 
Magnussen  et  al.  (Ref.  4)  was  used  in  all  the  test  cases  reported 
in  fig.  3.  The  value  Cf  =  0.468  kg  N-1  nr1  s'1  employed  by 
Khan  et  al.  in  the  calculation  of  soot  formation  in  a  Diesel 
engine,  neglecting  soot  combustion,  tends  to  underestimate  soot 
concentration  except  along  the  centreline  at  axial  locations  near 
the  burner  exit.  In  the  work  of  Khan  and  Greeves  Cf  was 
increased  to  1,376  kg  N'1  nr1  s1  when  soot  combustion  was 
accounted  for.  This  value  is  similar  to  the  one  employed  in  ref. 
38,  Cf*  1.5  kg  N1  itt1  s1.  Calculations  using  this  value 
perform  much  better,  although  they  overestimate  soct 
concentration  up  to  z  *  300  mm.  An  intermediate  value, 
Cf  ■  0.84  kg  N-i  m  1  s  ',  tuned  by  Abbas  to  fit  the  experimental 
data  of  Dalzell  et  al.  (Ref.  39),  was  also  tried. 

In  a  later  work  Abbas  et  al.  (Ref.  40)  suggested  that  Cf  is 
proportional  to  Richardson  number  and  took  the  numerically 
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Figure  4  lnscamaneous  soot  formation  rate  (10  J  kg  m  3  s  '  ) 
as  a  function  of  mixture  fraction  according  to  Khan 
and  Greeves  model. 

optimized  proportionality  constant  equal  to  2.54x10*  kg  N  1  nr1 
s-1.  This  yields  Q  values  higher  than  the  previously  mentioned 
ones  overpredicting  significantly  soot  concentration  for  the 
propane  flame  considered  here.  This  may  be  due  to  the  fact  that 
this  proportionality  constant  was  chosen  to  fit  the  measurements 
of  Kent  and  Bastin  (Ref.  41)  in  acetylene  flames  whose  soot 
propensity  is  greater  than  in  propune  flames.  However,  it  is 
important  to  point  out  that  the  variation  of  Ct  has  only  a 
quantitative  influence  on  the  computed  profiles  whose  shape 
remains  qualitatively  similar.  The  value  Cr*  1.5  kg  N  1  m  1  s  ', 
was  selected  and  used  in  all  the  following  calculations. 

The  influence  of  the  value  of  <pmin  is  analysed  in  fig.  3b).  The 
incipient  sooting  limit  for  propane  is  about  C/O  =  0.5  (see,  e.g., 
Ref.  24),  that  is,  an  equivalence  ratio  of  1.67.  This  value  is 
close  to  d>mrn  *  2,  employed  by  Abbas  (Ref.  38),  but  much 
higher  than  <()„,(„  *  0.5,  reported  in  ref.  40.  We  have  compared 
the  predictions  obtained  using  $mjn  =  1.67  and  (j>n,jn  =  1.2  (a 
value  below  which  fuel  concentration  is  so  small  that  yields  a 
negligible  soot  formation  rate).  Fig.  3b)  shows  that  an 
improvement  of  the  results  is  achieved  when  =  1.2  and, 
therefore,  this  value  was  elected  for  further  calculations.  The 
value  4>max  -  8  was  also  increased  but  it  was  found  that  is  does 
not  influence  the  results. 

No  attempt  was  made  to  change  the  constant  n  =  3  and  the 
activation  energy  E/P  =  20000  K  which  have  been  employed  in 
all  previous  studies.  However,  the  instantaneous  soot  formation 
rate  displayed  in  fig.  4  as  a  function  of  mixture  fraction  suggests 
that  the  exponent  n  =  3  is  too  high.  The  peak  of  soot  formation 
occurs  at  f  =  0.32  and  this  is  responsible  for  the  prediction  of  a 
faster  increase  of  soot  concentration  near  the  burner  exit  when 
compared  with  the  measurements. 

Fig.  5  shows  a  comparison  between  the  predictions  of  scot 
concentration  (mass  per  unit  volume  at  N.T.P.)  using  the  soot 
formation  model  of  Khan  and  Greeves  with  the  set  of  cons'ants 
selected  above  and  three  different  soot  oxidation  models  (Ref.  4, 
17  and  18).  The  main  features  of  the  predictions  are  only 
marginally  influenced  by  the  soot  oxidation  model  chosen.  On 
the  whole,  regarding  the  simplicity  of  the  soot  formation  model 
and  the  complexity  of  soot  formation  processes,  the  agreement 
between  the  predictions  and  the  measurements  may  be 
considered  good.  However,  there  are  several  features  of  the  data 
that  are  not  reproduced  by  the  predictions. 

As  stated  above,  the  rate  of  increase  of  soot  concentration  along 
the  centreline  in  the  initial  regions  of  the  flow  is  overestimated. 


On  another  hand,  the  soot  concentration  alone  the  centreline  is 
underpredicted  beyond  z  -  0.6  m,  suggesting  a  too  fast  soot 
burn-out  rate.  However,  this  is  the  expected  behuviour  given 
that  the  temperature  was  overpredicted  in  this  region.  Hence,  it 
is  not  possible  to  judge  the  performance  of  the  soot  oxidation 
models  at  these  locations.  The  measured  increase  in  radial  soot 
concentration  from  the  centreline  to  the  reaction  zone  at  axial 
stations  z  *  100  mm  and  z  *  200  mm  is  not  well  predicted. 
Moreover,  all  the  oxidution  models  tend  to  underestimate  the 
soot  burnout  rate  at  the  outer  flame  edge  in  the  axial  stations  near 
the  burner  exit,  particularly  at  z  *  200  mm  and  z  *  300  mm. 
Farther  downstream  (z  *  400  mm,  z  *  500  mm)  the  predicted 
rate  follows  the  measurements. 

The  comparison  between  the  three  different  oxidation  models 
shows  that  Magnussen  et  al  and  Lee  et  al  models  display  rather 
similar  qualitative  behaviour,  with  a  faster  oxidation  rate 
predicted  by  Mugnussen  et  al  model,  except  beyond  z  *  0.6  m, 
where  the  oxidution  rate  given  by  Lee  et  al  model  becomes 
higher.  Although  the  predictions  obtained  using  Nagle  et  al 
model  are  not  significantly  different  from  the  others,  this  model 
gives  a  higher  soot  oxidation  near  the  centreline  and  a  smaller 
oxidation  rate  far  from  the  centreline  (see,  e.g.,  the  profile  z  = 
400  mm). 

With  the  available  data  it  is  not  possible  to  decide  which 
oxidation  model  is  performing  better  because,  for  example,  an 
underprediction  of  soot  concentration  may  be  either  due  to  an 
overestimated  soot  oxidation  rate  or  an  underestimated  soot 
formation  rate.  However,  the  predictions  do  show  that  for  this 
flame,  at  the  locations  where  measurements  are  available,  the 
different  oxidation  models  broadly  yield  qualitatively  similar 
results. 

Soot  Formation  Model  of  Moss,  Syed  and  Stewart  (Kef.  !0,ll) 

The  soot  formation  model  of  Moss  and  co-workers  was 
evaluated  next.  The  set  of  constants  optimized  by  Stewan  et  al. 
in  their  predictions  of  a  laminar  diffusion  pre-vaporised 
kerosene  flame  und  the  set  of  constant  used  earlier  by  Syed  et  al. 
in  a  buoyant  turbulent  diffusion  flame  of  methane  were  tried.  In 
both  cases  the  model  fails  to  predict  peak  soot  concentration 
levels  by  at  least  two  orders  of  magnitude.  Soot  concentration  is 
overpredicted  in  the  first  case  and  underpredicted  in  the  second 
one.  This  shows  that  the  model  is  highly  dependent  on  the 
constants  and  this  is  an  undesirable  feature  if  the  model  is  to  be 
applied  to  a  new  situation.  To  apply  the  model  to  the  flame 
studied  here  several  numerical  experiments  were  carried  out  with 
different  constants  and  the  selected  set  was  the  following: 

Ca  =  104  m3  K'«  kg‘J  s  '  ,  Cp  =  6xl()3  m3  K'l/2  s  ', 

Cy  =  1  mK'1/2  s  ', 

Ta  =  21  000  K  ,  Ty=  12  600  K  ,  M„  =  My=l 

The  activation  temperature  for  nucleation,  T„,  and  surface 
growth,  Ty,  are  the  same  employed  in  ref.  1 1  and  are  very  close 
to  those  used  in  ref.  15.  The  nucleation  and  surface  growth  rates 
were  a  sumed  to  be  linearly  related  to  fuel  mole  fraction, 
contrary  to  the  assumption  of  Stewart  et  al.  (Ref.  10)  bur  in 
agreement  with  Syed  et  al.  (Ref.  1 1). 

The  motivation  of  Stewart  et  al.  to  increase  the  exponents  M« 
and  My  was  to  displace  the  maximum  source  strength  to  richer 
mixtures,  as  if  the  reaction  rates  were  dependent  on  an 
intermediate  species  rather  than  the  parent  fuel.  For  example,  the 
peak  of  surface  growth  rate  is  shifted  from  f  =  0.10  to  f=0.34 
using  My  =  3  and  to  f  =  0.46  using  My  =  5.  This  is  consistent 
with  Khan  and  Greeves  model  which  exhibits  a  peak  of  soot 
formation  at  f  =  0.32  and  depends  on  the  third  power  of  the 
equivalence  ratio.  However,  if  M0or  Mrare  increased,  the  rate 
of  increase  of  soot  concentration  along  the  centreline  in  the 
neighbourhood  of  the  burner  i«  overestimated,  as  it  was  using 
Khan  and  Greeves  soot  formation  model.  This  does  not  occur 
when  Mos  My  1.  Moreover,  Fairweather  et  al.  (Ref.  15,  16), 
who  have  assumed  that  the  reaction  rates  are  linearly  related  to 
an  intetmediate  species,  acetylene,  have  found  that  the  peaks  in 
nucleation  and  surface  growth  rates  occur  at  a  mixture  fraction 
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Figure 6  —  Instantaneous  nucleation  (oxlO4  m  3s->), 

coagulation  (|3xl(Him  3  s-1  )  and  surface 

growth  (yxlO 5  kg  nr2  *•>)  rate  terms  used  in 
soot  mass  fraction  and  particle  number  density 
equations. 


of  about  0.10  (see  Ref.  16).Their  predicted  variation  of 
instantaneous  rate  terms  with  mixture  fraction  is  very  similar  to 
our  prediction,  displayed  in  fig.  6. 

Constants  Ca  and  Cp  were  adjusted  coherently  to  give  peak 
values  of  soot  particle  number  density  of  the  order  of  1017  m3. 
Values  of  this  order  of  magnitude  are  generally  found  in  the 
measurements  available  in  the  literature  (see,  e.g..  Ref.  1 1  and 
42).  This  observation  is  the  basis  for  the  prescription  of  an 
average  number  density  in  Kennedy  et  al.  model  (Ref.  12,  13). 
The  predicted  radial  profiles  of  soot  panicle  number  density  are 
shown  in  fig.  7. 

Constant  Cy  was  tuned  together  with  C«  and  Cp  to  give  soot 
concentration  profiles  close  to  the  measurements  and  to  provide 
a  dominance  of  surface  growth  relative  to  nucleation,  as  occurs 
throughout  most  laminar  diffusion  flames  (Ref.  43).  The  source 
terms  of  the  soot  mass  fraction  transport  equation  due  to  surface 
growth  and  nucleation  rates  are  displayed  in  fig.  8.  The  peak  of 
surface  growth  rate  is  three  times  larger  than  the  peak  of 
nucleation  rate.  The  surface  growth  rate  prevails  over  the 
nucleation  rate  except  near  the  flame  front.  Both  rates  increase 
up  to  z  ■  400  mm  and  decrease  farther  downstream.  These 
evolutions  ,,re  consistent  with  those  calculated  be  Stewart  et  al. 
(Ref.  11). 

The  computed  soot  concentration  profiles  are  presented  along 
with  the  measurements  in  fig.  9.  The  three  oxidation  models 
mentioned  above  were  used  again.  It  is  evident  from  the  figures 
that,  after  tuning  the  constants  appropriately,  the  soot  formation 
model  of  Moss  and  co-workers  yields  better  predictions  than 
Khan's  model.  This  is  not  surprising  since  the  physical 
processes  embodied  in  Moss  et  al.  model  are  a  much  better 
description  of  reality  than  the  simple  kinetic  expression  used  in 
Khan's  model. 

Fig.  9  shows  that  the  rate  of  increase  of  soot  concentration  along 
the  centreline  closely  follows  the  measurements  in  the  initial 
flow  region  and  the  radial  increase  of  soot  concentration  at  z  « 
100  mm  ii  also  predicted  reasonably  well.  Nevertheless,  the  rate 
of  soot  oxidation  in  the  post-flame  region  remains 
underpredicted  at  z  -  200  mm  and  z  »  300  mm.  It  may  happen 
that  the  oxidation  due  to  OH  radicals,  as  suggested  for  example, 
in  Ref.  20,  plays  an  important  role  here.  This  would  explain 
why  none  of  the  oxidation  models  employed  follows  the 
measured  trend.  The  relative  behaviour  of  the  oxidation  models 
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Figure  7  —  Predicted  radial  profiles  of  particle  soot  number 

density  (nr3). 


is  similar  to  that  analysed  earlier  together  with  Khan  and 
Gieeves  soot  formation  model. 

Comparison  of  Soot  Formation  Models 

Finally,  a  comparison  of  three  different  soot  fonnation  models  is 
illustrated  in  fig.  10.  The  soot  formation  models  of  Khan  and 
Greeves  (Ref.  2)  and  Stewart  et  al.  (Ref.  11),  coupled  with  the 
oxidation  model  of  Magnussen  et  al.  (Ref.  4),  are  compared 
with  the  predictions  of  Fairweather  et  al.  (Ref.  13)  using  their 
own  soot  formation  model  along  with  the  soot  oxidation  model 
of  Lee  et  al.  (Ref.  18).  Fairweather's  model  had  been  applied 
previously  to  laminar  counterflow  ethylene  and  propane  flames 
(Ref.  14)  and  it  was  applied  almost  in  the  same  form  to  the 
propane  flame  of  Nishida  et  al.  (Ref.  21)  considered  here.  Only 
the  oxidation  rate  constant  was  modified.  The  agreement 
between  Fairweather's  model  predictions  and  the  measurements 
(Ref.  21)  suggests  that  the  model  is  much  less  sensitive  to 
different  flames  and  conditions  than  Moss  and  co-workers 
model. 

Fairweather's  soot  formation  model  significantly  underestimates 
soot  concentration  in  the  flow  region  near  the  burner  (see  the 
radial  profile  z  ■  100  mm  in  fig.  10 )  but  it  performs  as  well  as 
the  other  models  or  even  better  farther  downstream.  Indeed,  the 
radial  decrease  of  soot  concentration  at  z  =  400  mm  and  z  -  .MX) 
mm  is  simulated  more  accurately  using  Fairweather's  model. 
This  model,  like  the  others,  underestimates  soot  oxidation  at  z  = 
200  mm  and  z  =  300  mm,  supporting  the  hypothesis  of  the 
influence  of  a  physical  phenomenon  not  taken  into  account  or 
not  modelled  correctly.  This  may  be  the  soot  oxidation  due  to 
OH  radicals. 

3.2,  Prediction  of  Soot  Concentration  from 
extinction  measurements 

Soot  concentration  measurements  of  Nishida  et  al  (Ref.  2 1 ) 
were  obtained  using  a  soot  sampling  probe.  However,  in  many 
experiments  soot  concentration  is  determined  from  extinction 
measurements  assuming  a  spherical  particle  shape  with  a  size 
parameter  satisfying  the  Rayleigh  limit  as  mentioned  in  the 
introduction  (e.g.,  Ref.  1, 8).  This  assumption  and  the  influence 
of  the  refractive  index  are  analysed  below. 

The  present  section  is  divided  in  two  parts:  in  the  first  one  the 
influence  of  agglomeration  on  soot  volume  fraction  predictions 
based  on  extinction  measurements  is  studied,  The  size  of  the 
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Figure  9  —  Predicted  and  measured  soot  concentration  (g/N  m  3)  profiles  (solid  lines: 
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Model  1  —  Soot  formation:  Moss  et.  al.;  soot  oxidation.  Magnussen  et  al. 

Model  2  —  Soot  formation:  Moss  et.  al.;  soot  oxidation:  Lee  ctal. 

Model  3  —  Soot  formation:  Moss  et.  al.;  soot  oxidation:  Nagle  et  al. 
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Model  1  —  Soot  formation:  Khan  et.  al.;  soot  oxidation:  Magnussen  et  al. 
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agglomerate!!,  the  dimension  of  the  primary  particles,  the  fractal 
number  of  the  agglomerates  generated  and  the  homogeneity  or 
heterogeneity  of  the  sample  studied  are  taken  into  consideration. 
The  second  part  deals  with  the  influence  of  the  real  and 
imaginary  parts  of  the  soot  refractive  index  both  when  soot 
particles  ate  considered  to  be  smut!  and  spherical  (Rayleigh  limit 
approximation)  und  when  agglomeration  is  assumed  (ICP 
calculations). 

Preliminary  Considerations 

To  create  soot  agglomerates  a  computer  code  was  developed 
capable  of  generating  different  agglomerates  randomly.  The  size 
of  the  sample  to  be  created  (number  of  agglomerates  to  be 
generated)  is  introduced  and  the  number  of  particles  of  each 
agglomerate  and  the  respective  diameter  can  be  chosen  following 
log-normal  and  normal  pdfs  respectively  (see  Ref.  22).  Mean 
values  and  stundard  deviations  both  for  the  number  of  particles 
and  diameters  are  introduced  and  the  upper  and  lower  limits  for 
the  fractal  dimension  of  the  agglomerate  may  be  selected  by  the 
user. 

For  soot  volume  fraction  calculations  an  extinction  coefficient  of 
lm'l  was  assumed.  The  reference  values  used  for  the  primary 
particle  size  parameter,  wavelength,  geometric  mean  value  of 
number  of  primary  particles  and  refractive  index  are  0. 19,  488 
nm,  50  and  I  72+i0.62  respectively  (the  later  was  taken  from 
the  expressions  presented  by  Chang  and  Charalampopoulos, 
Ref.  44).  Concerning  the  fractal  dimension  values  of  1.7  and 
1.8  were  assigned  for  the  lower  and  upper  limits,  respectively. 
For  each  soot  agglomerate  studied  results  were  calculated  for  20 
different  orientations  in  space.  An  increase  in  the  number  of 
directions  would  not  change  the  soot  volume  fraction  predictions 
in  more  than  one  percent.  The  orientations  were  selected  to 

equally  cover  the  entire  4n  solid  angle. 

Influence  of  Agxlomeration  on  Soot  Volume  Fraction 
Predictions 

Several  test  were  performed  to  analyse  the  influence  of 
considering  the  sample  of  agglomerates  as  homogeneous  or 
heterogeneous.  For  that  purpose  the  number  of  particles  of  each 
agglomerate  was  chosen  to  match  a  log-normal  pdf  with  a 
geometric  mean  value  and  standard  deviation  varying  from  10  to 
100  and  1  to  3  respectively.  For  the  cases  where  the  standard 
deviation  was  greater  than  one  20  agglomerates  were  created  to 
cover  the  log-normal  pdf  curve.  Typical  mean  diameters  of  soot 
primary  particles  were  studied  (primary  particle  size  parameter 
between  0.01  and  0.5).  The  reference  values  presented  above 
were  adopted  for  the  complex  refractive  index,  the  fractal 
dimension  and  the  extinction  coefficient.  The  differences  found 
in  the  results  obtained  never  exceeded  5%  and  for  that  reason 
only  the  calculations  for  homogeneous  samples  are  shown  in 
fig.  1 1  and  12. 


Figure  1 1  —  Volumr  fraction  (ms^/m^)  dependency  on  soot 
primary  particle  size  parameter  and 
agglomeration. 


Fig.  11  shows  the  influence  of  the  primary  particle  size 
parameter  and  the  size  of  the  agglomerates  on  the  soot  volume 
fraction  predictions.  It  can  be  concluded  that  for  typical  values 
of  the  primary  particle  size  parameter  (between  0.01  and  0.3) 
soot  volume  fractions  may  change  by  a  factor  of  more  than  10. 
In  the  range  where  Rayleigh  calculation  are  acceptable,  results 
obtained  with  this  approximation  always  overpredict  the  ICP 
calculations. 


Figure  12  —  Influence  of  agglomeration  on  soot  volume 
fraction  (ms^/nP)  calculations  for  different  size 
parameters:  fvR  —  Rayleigh  calculations;  fv  — 
ICP  calculations. 


Relative  differences  between  Rayleigh  and  ICP  results  are 
depicted  in  fig.  12.  For  small  size  parameters  (x<0.01) 
neglecting  agglomerations  yields  deviations  lower  than  5%, 
Nevertheless,  with  the  increase  of  the  size  parameter,  this 
deviation  tends  to  become  more  notorious,  especially  for  larger 
agglomerates.  Results  shown  in  fig.  12  for  x>0.3  should  not  be 
considered  valid  as  Rayleigh  calculations  are  no  longer 
acceptable.  According  to  equation  1,  soot  volume  fraction 
calculations  based  on  Rayleigh  approximation  are  independent 
of  the  size  of  the  particle.  Therefore,  in  order  to  reduce  the 
influence  of  agglomeration  on  volume  fraction  calculations  it  is 
preferable,  when  possible,  to  use  high  values  of  wavelengths  in 
extinction  experiments.  This  way  an  increase  in  the  size 
parameter  can  be  avoided. 

Influence  of  Refractive  Index  on  Soot  Volume  Fraction 
Predictions 

The  influence  of  the  refractive  index  on  volume  fraction  when 
considering  soot  particles  as  small  spheres  can  be  seen  in  fig. 
13a).  The  reference  values  required  to  evaluate  soot  volume 
fractions  were  the  ones  mentioned  above  —  correcting  present 
results  to  any  new  values  appropriate  to  a  specific  extinction 
measurement  (namely  wavelength  and  extinction  coefficient) 
only  involves  a  simple  ratio.  Fig.  13a)  illustrates  that  the  soot 
volume  fractions  are  more  sensitive  to  variations  in  the 
imaginary  part  of  the  refractive  index.  While  covering  the  range 
of  values  studied  for  k,  soot  volume  fractions  may  change  by  a 
factor  greater  than  2.  The  influence  of  the  real  part,  n,  on  soot 
volume  fraction  is  not  so  significant  but  it  should  not  be 
neglected  —  results  may  vary  in  the  range  of  0.5  to  0.8  These 
conclusions  (in  agreement  with  the  ones  reported  in  ref.  45)  will 
be  helpful  when  analysing  and  comparing  similar  results  for 
soot  agglomerates. 

In  fig.  13b)  the  same  calculations  are  shown,  but  taking 
agglomeration  into  account,  For  conciseness  only  the  results  for 
a  50  particle  agglomerate  are  shown.  The  very  strong 
dependency  of  fv  on  the  real  and  especially  the  imaginary  part  of 
the  refractive  index  becomes  less  notorious  when  agglomeration 
is  considered.  This  can  also  be  confirmed  by  the  results  shown 
in  fig.  14  where  the  relative  difference  between  the  maximum 
and  the  minimum  v„'.Mes  of  fv  are  depicted.  It  is  also  interesting 
to  notice  that  thr  influei.ee  of  agglomeration  on  the  calculation  of 
soot  volume  fractions  becomes  small  (less  than  10%  for 


Figure  13  —  Influence  of  the  complex  refractive  index  on  soot  volume  fraction 
(trts'Vm  ^calculations:  a)  spherical  particles  (Rayleigh  approximation);  b) 
aggregates  of  50  spherical  primary  particles  (iCP  method). 


agglomerates  up  to  100  particles)  for  low  values  of  the  real  part 
of  the  refractive  index,  independently  of  the  imaginary  part.  This 
suggests  that  special  care  should  be  taken  when  selecting  the 
imaginary  part  of  the  refractive  index.  As  for  the  real  part,  it  is 
preferable  to  adopt  a  low  value.  This  way  Rayleigh  results 
become  closer  to  ICP,  the  latter  ones  being  less  dependent  on 
the  real  pan  of  refractive  index, 


N 

Figure  14  —  Maximum  relative  deviations  of  soot  volume 
fractions  for  the  range  of  the  real  and  imaginary 
parts  of  the  refractive  index  studied. 

4.  CONCLUSIONS 

Several  soot  formation  and  oxidation  nuxleis  were  applied  to  the 
calculation  of  a  turbulent  propane  diffusion  flame  and  the  results 
were  compared  with  experimental  values  of  soot  concentration. 

From  the  analysis  carried  out  it  may  be  concluded  that  caution 
should  be  taken  if  Moss  and  co- workers  soot  formation  model  is 
to  be  applied  to  a  new  situation,  due  to  its  strong  dependence  on 
the  set  of  constants.  Khan  and  Greeves  soot  foonation  model, 
despite  its  simplicity  and  more  limited  physical  basis,  is  not  so 
much  influenced  by  the  constants  and  it  seems  to  yield  the 
correct  orders  of  magnitude,  although  it  is  not  adequate  if 
reasonably  good  quantitative  predictions  are  sought.  The  soot 
formation  model  of  Fairweather  et  al.  appears  to  be  much  less 
sensitive  to  the  constants  than  Moss  and  co-workers  model  and, 
given  its  better  physical  basis,  it  seems  to  have  a  good  potential 
for  application  to  new  situations  Nevertheless,  we  believe  that 
there  is  still  a  lot  of  work  to  do  before  soot  formation  and 


oxidation  models  have  achieved  a  level  of  accuracy  and 
reliability  comparable  with  presently  available  turbulence  and 
combustion  models. 

The  influence  of  soot  agglomeration  and  soot  refractive  index  on 
the  values  of  soot  volume  fraction  obtained  from  extinction 
measurements  was  analysed.  For  low  values  of  the  primary 
particle  size  parameter  (xcO.Ol)  agglomeration  may  be 
neglected.  Nevertheless,  with  the  increase  of  the  size  parameter, 
the  deviations  between  calculations  assuming  soot  particles  to  be 
spherical  and  taking  agglomeration  into  consideration  might 
increase  up  to  25  %,  for  the  range  of  aggregates  studied. 

Although  agglomeration  influences  the  calculations  of  soot 
volume  fractions,  it  is  the  refractive  index  that  contributes  to  the 
larger  uncertainties.  When  agglomeration  is  neglected,  and 
covering  the  typical  values  for  the  real  and  imaginary  parts  of  the 
refractive  index,  results  may  change  by  a  factor  greater  than  3. 
Nevertheless,  with  agglomeration  this  strong  dependency  tends 
to  decrease.  Additionally,  for  low  values  of  the  real  part  of  the 
refractive  index,  the  influence  of  agglomeration  becomes  less 
notorious.  This  suggest  that,  when  agglomeration  is  not  taken 
into  account,  the  value  of  the  imaginary  part  of  the  refractive 
index  should  be  selected  carefully,  while  the  real  part  should 
stay  closer  to  the  lower  values  studied. 
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Discussion 


Question  1.  U.  Schumann 

What  is  the  size  of  the  soot  being  formed,  and  what  are  its  properties  with  respect  to  cloud  condensation  nuclei?  These  properties 
are  of  environmental  importance. 

Author’s  Reply 

These  properties  cannot  be  predicted  by  the  models  considered  in  this  study.  Moreover,  the  authors  are  not  aware  of  any 
theoretical  model  that  can  predict  such  properties.  This  also  applies  to  the  size  of  the  soot  particles. 

As  stated  in  the  paper,  experiments  have  shown  that  in  the  early  stages  of  formation  soot  particles  are  approximately  spherical 
and  have  mean  diameters  between  10  and  60  nanometres  (see  Ref.  22).  These  particles  tend  to  agglomerate  during  their 
evolution  forming  chain*like  clusters  whose  equivalent  size  parameter  most  frequently  exceeds  one.  Such  information  cannot  be 
theoretically  predicted  at  present. 
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SUMMARY 

The  Paper  focuses  on  the  calculation  of  the  flow  and 
scalar  fields  of  axisymmetric  gas  turbine  combustion 
chambers  with  non-premixed  combustion.  Modelling 
of  the  turbulent  swirling  flow  is  carried  out  both  by 
eddy  viscosity  and  Reynolds  stress  closure.  It  is  the 
intention  to  specify  the  shortcomings  as  well  as  tue 
potential  of  the  different  schemes  with  regard  to  pre¬ 
diction  capabilities,  numerical  performance  and  eco¬ 
nomic  worth.  The  various  aspects  of  modelling  arc 
discussed.  A  short  description  of  the  governing  trans¬ 
port  equations  as  well  as  the  turbulence  closure  is  gi¬ 
ven.  An  equilbrium  chemistry  model  is  compared  to  a 
laminar  flamelet  model,  both  schemes  applied  in  con¬ 
junction  with  a  probability  density  formulation  for 
scalar  properties.  Numerical  results  of  velocities  and 
temperature  in  model  gas  turbine  combustion  cham¬ 
bers  are  compared  with  experimental  results.  Pro¬ 
bable  reasons  for  deviations  are  deduced  and  some 
prospects  for  possible  future  development  of  numeri¬ 
cal  simulation  of  gas  turbine  combustion  are  given. 


NOMENCLATURE 


Ci~4,Ce  turbul.  model  consts. 

B  Arrhenius  factor 

D  diffusion  coefficient 

E  activation  energy 

/  mixture  fraction 

k  turbulence  kinetic  energy 

P  static  pressure 

P(f)  probab.  density  function 


r 

radius 

s * 

source  term  of  variable  $ 

0i 

cartesian  mean  velocity 

u'f 

fluctuating  cartesian  velocity 

u,v,w 

mean  velocities 

v",  w" 

fluctuating  velocities 

X 

mass  fraction 

X> 

cartesian  coordinates 

r 

diffusion  coefficient 

•v 

Kronecker  symbol 

e 

turb.  kin.  energy  dissipation 

scalar  dissipation  rate 

$ 

any  variable,  scalar  or  velocity 

*ij ,  *i,c 

pressure  strain  interaction 

p 

density 

superscripts 

~ 

density  aver,  mean  quantity 

// 

density  aver,  fluct.  quantity 

- 

time  aver,  mean  quantity 

f 

time  aver,  fluct.  quantity 

subscripts 

i,j,k,l 

vector  components 

c 

scalar 

ij 

tensor  component 

i,c 

scalar  flux 

n 

normal 

1  INTRODUCTION 

Gas  turbine  chambers  are  a  typical  example  for  com¬ 
mon  engineering  practice:  while  the  overall  perfor- 
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m&nce  it  well  understood  and  the  period  of  successful 
operation  has  been  lasting  since  many  years,  the  de¬ 
tailed  computer  simulation  ist  just  beginning  to  be  no 
longer  in  its  infancy.  The  present  state  of  knowledge 
however  shows  the  perspective  of  a  rapid  evolution 
towards  computing  tools  which  allow  for  a  real  pre¬ 
diction.  This  is  not  yet  reality,  many  questions  still 
remaining  unanswered,  but  there  exists  a  clear  list  of 
research  tasks  to  be  attacked.  It  is  the  distinct  need 
for  a  high  level  simulation  by  specific  questions  such 
as  nitric  oxide  formation,  turbine  charge  by  peak  tem¬ 
peratures  or  sedimentations  of  carbon.  Simulation 
of  physical  processes  usually  comprise  several  models 
each  covering  a  specific  aspect.  The  quality  of  the 
overall  model  performance  is  restricted  by  the  qua¬ 
lity  of  the  weakest  sub  model.  Therefore  it  is  evident 
that  a  balance  of  features  between  the  models  has  to 
be  maintained  in  order  to  guarantee  a  progressing  ge¬ 
neral  result.  The  various  aspects  of  modelling  shall 
be  discussed  in  greater  detail  in  the  next  section.  Ex¬ 
amples  of  computations  are  provided  afterwards.  Mo¬ 
del  development,  testing  and  validation  can  best  be 
performed  in  simple  2d  geometries,  excluding  numeri¬ 
cal  uncertainties  and  keeping  computing  time  within 
realistic  boundaries.  This  demand  is  in  good  agree¬ 
ment  with  experimental  work  which  certainly  is  most 
reliable  under  simple  conditions.  However  there  is 
also  the  need  for  developing  computer  code  for  com¬ 
plex  3d  flow  surroundings,  based  upon  lower  models, 
but  ready  to  adopt  higher  ones  as  soon  as  those  are 
approved. 

2  MODELLING  ASPECTS 

2.1  Radiation  Model 

Radiative  temperature  loss  with  respect  to  adiabatic 
burning  temperature  is  roughly  directly  proportional 
to  the  combustion  chamber  volume  divided  by  the  to¬ 
tal  mass  flux.  The  ratio  chamber  volume  to  mass  flux 
is  for  gas  turbine  combustors  usually  smaller  than  for 
any  other  industrial  furnaces  and  therefore  radiation 
seems  to  be  negligible.  But,  as  will  be  pointed  out  be¬ 
low,  there  is  the  need  for  a  detailed  radiation  model, 
as  the  nitric  oxide  formation  is  extremely  sensitive  to 
heat  loss  by  radiation  The  potential  for  developing 
a  complete  radiation  model  is  large,  but  the  task  is 
more  than  complex.  In  a  finite  volume  environment 
flux  models  show  the  best  relation  between  quality 
and  computational  effort.  It  is  not  only  the  radiation 
model  itself  which  is  complicated,  but  also  the  que¬ 
stion  how  to  use  the  additional  information.  4  pdf 
formulation  for  scalars  must  then  be  expanded  to  a 
4  parameter  model  (mixture  fraction,  enthalpy  and 
their  variances).  Employing  a  laminar  flamelet  mo¬ 
del  introduces  the  local  strain  rate  as  an  additional 
argument. 

As  long  as  those  fundamental  problems  have  not  been 
solved  sufficiently,  the  effort  from  consideration  of  ra¬ 


diation  in  a  gas  turbine  combustor  is  uncertain. 

2.2  Combustion  Model 

Attention  shall  be  restricted  to  gas  diffusion  flames. 
This  environment  is  the  simplest  compared  to  pre¬ 
mixed  flames  or  spray  flames  and  thus  offers  the  op¬ 
portunity  of  emphasising  the  study  of  turbulence  mo¬ 
dels  in  reactive  systems  without  having  to  pay  too 
much  attention  to  reaction  kinetics  or  two  phase  pro¬ 
blems.  Two  approaches  treating  chemical  reactions 
are  most  frequently  applied  to  non-premixed  flames: 
the  chemical  equlibrium  assumption  [3]  and  the  la¬ 
minar  flamelet  model  [10].  Both  schemes  relate  all 
scalar  quantities  as  temperature,  density,  molecular 
viscosity  and  extinction  coefficients  to  a  conserved 
scalar  variable,  the  mixture  fraction,  which  can  be  in¬ 
terpreted  as  the  conservation  of  the  number  of  atoms 
despite  chemical  reaction.  The  second  quantity  the 
scalars  depend  on  is  the  degree  of  radiation,  varying 
from  adiabatic  conditions  to  a  state  when  all  heat 
is  emitted.  Applying  a  laminar  flamelet  model  to  a 
system  considering  radiation  raises  the  question  how 
enthalpy  in  addition  to  mixture  fraction  and  a  strain 
parameter  can  be  integrated  into  the  derivation  of  the 
scalar  quantities. 

2.3  NOt  Model 

Whatever  model  for  chemical  reactions  and  for  ni¬ 
tric  oxide  in  diffusion  flames  is  employed,  three  state¬ 
ments  are  always  valid 

•  only  a  small  percentage  of  the  combustor  vo¬ 
lume  (or  the  computing  grid  points)  produce 
nearly  the  total  amount  of  NO 

•  the  typical  length  scale  associated  with  NO  for¬ 
mation  is  far  below  the  smallest  possible  nume¬ 
rical  grid  spacing 

•  NO  formation  is  highly  sensitive  to  radiative 
heat  loss 

All  three  points  can  be  visualized  with  a  3dimensional 
graphics  showing  the  NO  source  term  as  a  function 
of  mixture  fraction  and  radiation  degree. 
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Fig.  1  NO  source  term  for  CH \  at  radiation  degree 
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Fig.  2  NO  source  term  for  CH <  at  stoichiometric 
mixture 


Starting  point  for  nitric  oxide  emissions  computations 
is  the  transport  equation  for  NO 


Integrated  over  the  whole  furnace  yields 

J  ~pUn*NodA  =  j  S no  dVol 


This  means,  the  amount  of  NO  which  is  transported 
out  of  the  chamber  is  equal  to  the  volume  integral 
over  the  NO  source  term.  The  task  is  to  determine 


the  source  term.  Peters  [14]  derives  a  formation  rate 
from  the  Zeldovich  mechanism  under  the  assumption 
of  stationarity  of  N  radicals  and  of  equilibrium  bet¬ 
ween  0  and  0% 


p  dt  ~  pB  Mo, 

exp(-£;),B  =  5.74  10 u  (cm9 /mole)0  *  /sec 

E  =  moon  (3) 

This  expression  contains  the  mass  concentrations  of 
nitrogen  and  oxygen,  temperature  and  density,  all  of 
which  are  functions  of  mixture  fraction  and  radiation 
degree.  It  can  therefore  be  computed  in  advance  and 
stored  as  a  database.  Coupling  of  NO  balance  equa¬ 
tion  and  all  the  other  equations  is  only  very  weak. 
The  nitric  oxide  calculations  are  thus  restricted  to  the 
mere  integration  of  the  source  term  once  the  flowfield 
has  reached  a  converged  state.  Advising  a  NO  source 
term  to  the  grid  points  of  the  numerical  mesh  accor¬ 
ding  to  their  respective  mixture  fraction  and  radia¬ 
tion  degree  and  integrating  over  the  control  volume 
will  lead  to  a  rather  arbitrary  result.  Recalling  into 
mind  the  second  statement  at  the  beginning  of  this 
section  makes  this  evident.  If  a  point  of  stoichio¬ 
metric  conditions  exists  between  two  grid  points,  it 
remains  undetected  while  the  grid  point  values  are 
counted,  which  do  not  necessarily  make  a  considera¬ 
ble  contribution  to  NO.  This  effect  is  partially  com¬ 
pensated  by  another  wrong  assumption,  which  takes 
the  source  term  at  the  grid  point  as  constant  throug¬ 
hout  the  control  volume.  Finite  volume  theory  does 
not  at  all  apply  to  nitric  oxide  calculations.  A  so¬ 
lution  of  this  dilemma  may  be  found  introducing  a 
mathematical  substitution.  For  a  single  control  vo¬ 
lume  this  means 

rv s  t*i  „ 

/  /  SN0{f(x,y))dxdy 

Jyi  J*  1 

m  //(*>)  /), 

=  /  /  SNO(f(x,v))£dfdy  (4) 

The  summation  of  all  control  volumes  finally  makes 
the  NO  output.  The  value  at  the  control  volume 
centre  is  regarded  as  a  representative  for  the  whole 
control  volume  and  is  multiplied  by  the  axial  dimen¬ 
sion  A  x.  This  procedure  is  valid  as  long  as  the  flame 
has  an  axial  long  shape.  At  the  end  of  the  flame  this 
does  not  longer  apply.  Therefore  the  substitution  is 
performed  either  in  axial  or  radial  direction  depen¬ 
ding  on  the  bigger  of  the  two  derivatives  and 
The  method  explained  above  contains  several  uncer¬ 
tainties,  among  which  the  interaction  between  radia¬ 
tion  and  NO  formation  is  the  most  serious.  It  is  the¬ 
refore  not  able  to  predict  a  distinct  NO  emission,  but 
can  certainly  serve  as  an  assessment  tool  for  parame¬ 
ter  variations. 
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2.4  Turbulence  Model 


correlations  of  velocities 


Technical  combustors  usually  are  operated  with  mass 
flow  rates  far  too  big  for  the  flow  to  remain  laminar. 
Operationally  this  does  not  make  problems,  the  en¬ 
forced  mixing  is  even  appreciated  in  most  cases.  But 
the  turbulent  random  variation  of  the  velocities  af¬ 
fects  all  flow  variables  and  causes  unknown  correla¬ 
tions  when  transport  equations  are  statistically  ave¬ 
raged.  The  moat  prominent  of  the  new  unknowns  is 
the  Reynolds  stress  tensor  whose  modelling  is  perfor¬ 
med  on  various  levels  of  sophistication.  Most  com¬ 
mon  is  th.i  k-e  model,  a  variant  of  a  model  family 
solving  equations  for  turbulent  kinetic  energy  and  an 
integral  length  scale.  This  model  stands  out  by  its 
numerical  stability  and  its  broad  n alette  of  applicati¬ 
ons  to  many  types  of  howo  1  ...  there  evidently  exist 
limits  of  validity.  One  of  the*  ■  is  the  presence  of 
swirl  which  cannot  be  simulated  without  ad  hoc  mo¬ 
difications  whose  physical  rationale  is  vague.  The 
more  complex  Reynolds  stress  models  have  not  yet 
attained  a  wide  propagation  into  fluid  dynamic  com¬ 
puter  programs.  They  are  predominantly  restricted 
to  research  codes.  The  superior  qualities  of  the  se¬ 
cond  moment  models  lie  in  their  ability  to  reflect  any 
flow  mechanism  like  production,  transport  and  dis¬ 
sipation  directly  to  the  Reynolds  stress  tensor.  Any 
terms  stemming  from  a  coordinate  transformation, 
e.  g.  into  axisymmetric  coordinates,  directly  appear 
in  the  equations.  Critical  voices  against  Reynolds 
stress  models  often  are  based  on  two  arguments:  first, 
•*he  augmented  computing  time.  This  is  undoubtedly 
true  and  can  hardly  be  attenuated.  In  the  computa¬ 
tions  which  will  be  presented  here  the  additional  time 
effort  for  the  Reynolds  stress  equations  is  in  all  cases 
more  than  a  hundred  percent  of  the  k-c  time.  Taking 
into  account  the  individually  augmented  time  until 
a  converged  solution  has  been  reached,  a  constant 
ratio  cannot  be  given.  The  second  argument  postula¬ 
tes,  that  the  problem  of  turbulence,  the  assumptions 
about  unknowns,  is  only  distributed  onto  more  free 
parameters  which  can  more  easily  be  adjusted  to  a 
better  representation  of  experimental  results.  Table 
1  lists  equations  and  the  number  of  respective  con¬ 
stants  for  both  the  k-c  and  the  Reynolds  stress  model 
(RST). 


Table  1 

velocity  field  turbulence  constants 


equation 

RST 

k-c 

k 

- 

2 

l 

4 

3 

u,”< 

5 

- 

E 

9 

5 

Of  the  five  constants  in  the  RS  equations,  one  be¬ 
longs  to  a  diffusive  term  modelling  the  third  order 


u»)  -  oz  infer )  • (5) 

Here  the  gradient  model  of  Daly  and  Harlow  [9]  is 
adopted.  The  remaining  four  constants  come  up  from 
the  pressure  rate  of  strain  correlation. 


(6) 


-(3/2Cj  +  C3)(  ti^'g  +  «X^)- 


(7) 


The  formulation  of  equations  [7]  and  [8]  is  solely  ba¬ 
sed  on  tensoria!  arguments.  The  determination  of  the 
constants  is  not  carried  out,  examining  complex  flow 
experiments  in  order  to  produce  good  agreement,  but 
it  is  performed  on  two  rather  simple  turbulent  flows. 
The  constants  are  then  taken  over  to  complex  flow 
conditions  without  modification  indicating  universa¬ 
lity  of  both  the  model  and  the  related  parameters. 
For  Ci,  known  as  the  return  to  isotropy  constant  [1], 
experiments  on  decaying  anisotropic  turbulence  in 
the  absence  of  mean  strain  are  evaluated  [8],  leading 
to  a  value  of  1.5  which  makes  the  best  average  per¬ 
formance  on  all  available  data.  The  constants  Ca,  C3 
and  C\,  which  are  associated  with  mean  strain  can  be 
determined  from  homogeneous  shear  experiments  [11] 
to  Ca  =  -0.53,  C3  =  0.67  and  C*  =  -0.12.  When  invol¬ 
ving  chemical  reaction,  additional  equations  have  to 
be  solved  for  the  mean  scalar,  the  scalar  fluxes  and  for 
the  scalar  variance.  Neglecting  pressure-driven  pro¬ 
duction  of  Reynolds  stress  Ui'dp/dxi  and  employing 
a  simple  algebraic  model  for  the  scalar  dissipation  the 
model  constants  are 


Table  2 

scalar  field  turbulence  constants 


equation 

SFT 

k-c 

/ 

1 

1 

pi 

1 

1 

*7 

1 

1 

5 

1 

£ 

8 

4 

Here  5  constants  arise  from  the  scalar  flux  trans¬ 
port  modelling  (SFT)  opposing  one  turbulent  Prandtl 
number  in  the  case  of  a  k-f  model.  Again  the  con¬ 
stants  of  the  second  moment  closure  are  deduced  from 
experiments  in  simple  turbulent  flows  and  taken  over 
unchanged  to  any  type  of  flow.  [11] 
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3  PRESENT  MODEL 

The  computations  provided  in  the  following  section 
are  basing  on  a  system  of  transport  equations  for 
mass,  mean  momentum  and  mean  scalar.  Turbu 
lence  modelling  is  carried  out  either  by  a  standard 
k-<  mode)  or  a  Reynolds  stress  model  [11].  The  set 
of  equations  is  descritised  by  a  finite  volume  method 
using  a  staggered  grid  for  the  variables  [5].  The  non¬ 
linear  equation  system  is  solved  by  a  time-marching 
iteration.  Any  scalar  variables  as  density  or  tempera¬ 
ture  is  calculated  in  the  framework  of  non-premixed 
flames  by  a  beta  probability  density  function  con¬ 
structed  from  mixture  fraction  and  its  variance. 

4  RESULTS  OF  COMPUTA¬ 
TIONS 

4.1  Non-reacting  flow 

Enclosed  non-reacting  combustor  flows  do  not  pos¬ 
sess  great  practical  relevance,  but  are  very  import¬ 
ant  for  the  validation  of  turbulence  models.  Apart 
from  uncertainties  about  radiation,  wall  heat  transfer 
and  chemistry  modelling,  also  the  turbulence  model¬ 
ling  is  much  more  unambiguous.  When  reaction  is 
taking  place,  correlations  of  fluctuating  density  and 
other  variables  usually  are  avoided  by  application  of  a 
density- weighted  averaging  [7]  leaving  the  problem  of 
comparing  the  F'avre  averages  to  conventionally  time 
averaged  experimental  values.  At  the  moment  there 
is  also  no  reasonable  explanation  why  modelling  as¬ 
sumptions  of  cold  flows  are  taken  to  reacting  flows 
without  modifications.  There  are  important  argu¬ 
ments  for  cold  flow  studies  from  the  experimenters 
point  of  view  as  well.  Hot  wire  probes  can  be  used 
in  regions  not  accessible  for  LDV,  but  even  the  whole 
chamber  can  be  made  of  glass  for  the  convenience  of 
LDV  work. 

The  first  example  (Fig.  3)is  a  combustor  flow  with 
counterswirl  conditions  examined  by  Vu  and  Gouldin 
[15].  The  second  case  under  examination  is  a  coid 
combustion  chamber  flow  investigated  by  Wilhelmi 
[12]  at  Imperial  College.  Relevant  data  for  both  ex¬ 
periments  are  tabulated  in  table  3. 

The  first  measurements  show  a  large  deceleration  of 
the  inner  jet  and  the  formation  of  a  small  recircula¬ 
tion  bubble  with  low  swirl  velocities.  Positive  swirl 
momentum  of  the  inner  jet  gradually  diffuses  outward 
getting  absorbed  by  the  outer  flow  swirling  in  the  op¬ 
posite  way.  The  superiority  of  the  Reynolds  stress 
simulation  is  evident.  The  k-c  model  without  modi¬ 
fications  accounting  for  swirl  is  not  able  to  describe 
the  measured  swirl  distribution. 

Figure  4  shows  mean  axial  and  circumferential  veloci¬ 
ties  of  the  second  case.  Again  the  tendency  of  the  k< 
model  to  predict  swirling  fluid  motion  as  a  solid  body 
rotation  is  visible.  The  extension  and  magnitude  of 


the  recirculation  tone  is  not  registered  by  either  mo¬ 
del. 

4.2  Reacting  Flow 

Two  computations  of  combustion  chambers  with  the 
non-premixed  burning  of  propane  are  presented.  The 
first  is  the  already  introduced  combustor  of  Wilhelmi, 
the  second  was  operated  by  Owen  et  al.  [13].  Table 
4  gives  the  most  important  information  about  both 
cases.  In  the  first  two  sets  of  drawings  (Figs.  5  and 
C)  the  normalized  axial  velocity  and  the  tangential 
velocity  as  well  as  temperatures  at  several  locations 
x/D  are  given.  In  the  near  inlet  plane  x/D=0.1  both 
models  detect  the  corner  and  central  recirculation, 
but  cannot  simulate  the  radial  extension  of  the  lat¬ 
ter.  This  becomes  even  more  obvious  in  the  second 
picture.  The  axial  recirculation  also  diminishes  too 
early,  already  at  x/D=0.8  the  simulations  show  uni¬ 
form  axial  velocity  direction.  Further  downstream 
the  velocity  increase,  indicating  continuing  reaction 
with  density  loss  can  be  determined.  The  movement 
of  the  axial  component  towards  the  wall  is  predicted 
too  weak,  accordingly  the  W  '■omponent  is  too  high, 
resulting  in  a  conserved  swirl  momentum  flux.  The 
rankine  vortex  shape  of  the  circumferential  velocity 
with  a  steep  gradient  near  the  axis  is  somewhat  better 
represented  by  RST.  Nonetheless  also  the  k-<  model 
shows  clearly  a  free  vortex  component  in  the  reacting 
case  too. 

Temperature  is  gained  via  mixture  fraction,  mixture 
fraction  variance  and  a  pdf  integration.  All  scalar 
quantities  with  steep  gradients  in  diffusion  flames  are 
highly  sensitive  to  the  fluid  field.  Fig  7  shows  calcu¬ 
lations  with  a  laminar  flamelet  dataset  in  comparison 
with  an  equilibrium  dataset,  both  computations  ba¬ 
sed  on  a  RST  model. 

The  nitric  oxide  calculations  result  in  an  estimated 
output  of  150  mg  NO  per  m3  at  standard  conditions 
reduced  to  3  %  Oi  in  the  exhaust  gases. 

The  last  example  (Fig  8)  shows  a  velocity  and  tempe¬ 
rature  contour  plot  of  Owen’s  combustor.  Regarding 
the  axial  iso-velocity  lines,  the  computed  contours 
show  a  good  qualitative  picture  of  the  experiment  but 
the  values  are  generally  too  large,  indicating  distinct 
difference  in  temperature  and  accordingly  in  density. 
The  central  recirculation  zone  was  estimated  correctly 
in  its  axial  and  radial  extensions.  However  it  is  lo¬ 
cated  too  far  downstream  and  the  maximal  backflow 
velocity  cf  6  m/sec  is  predicted  too  low. 

From  the  temperature  plot  the  extension  of  the  annu¬ 
lar  flame  front  can  be  determined  from  the  maximum 
isoline  which  is  fairly  consistent  with  experimental  re¬ 
sults.  The  temperature  as  mentioned  before,  is  gene¬ 
rally  estimated  much  higher  than  measured.  Especi¬ 
ally  in  the  region  of  x/D=l  to  x/D=2  the  strong  ac¬ 
celeration  of  the  fluid  is  now  explicable  when  looking 
at  the  temperature  contours.  The  calculated  2200- K- 
isoline  is  almost  located  at  the  same  position  as  the 
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measured  1600-K-line.  A  poeeible  explanation  for  the 
deviations  might  be  found  in  the  neglected  radiative 
flame  cooling  and  heat  exchange  with  the  wall.  It  is 
also  probable  that  the  departure  from  chemical  equi¬ 
librium  at  the  near  inlet  region  contributes  to  the 
discrepancy  between  calculations  and  experiment. 
For  this  combustion  chamber  an  NO  output  of  192 
mg/ma  was  computed. 

5  R£sum4  and  Prospect 

The  calculation  of  axisymmetric  model  combustors 
relevant  to  gas  turbine  combustion  has  been  presen¬ 
ted.  Reynolds  stress  models  have  so  far  not  been 
widely  used  in  computational  fluid  dynamics  but  are 
superior  to  eddy  viscosity  turbulence  closures.  Any 
further  development  in  statistical  description  of  tur¬ 
bulence  can  only  be  based  upon  second  moment  clos¬ 
ure.  In  this  context  the  consideration  of  the  spectral 
behaviour  of  turbulence  or  the  inclusion  of  multiple 
length  scales  models  has  to  mentioned.  Prior  to  mo¬ 
del  development  is  the  urgent  need  for  experiments 
in  both  reacting  and  non-reacting  combustion  cham¬ 
bers.  As  computational  simulation  is  highly  sensitive 
to  starting  conditions  these  measurements  must  in¬ 
clude  a  full  dataset  for  all  variables. 
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Table  3 

Cold  Combustor  Flows 
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Table  4 

Hot  Combustor  Flows 
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velocities  for  the  first  cold  combustor  Figure  4:  Axial  and  tang,  velocities  for  the  second  cold  combustor 

JCj  —  RST, . k-e,  •  measurement  U„  =  3.45  m/sec,  —  RST, . k-e,  •  measurement 
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Discussion 

Question  t.  J.  Tilston 

You  pointed  out  the  differences  between  the  prediction  of  axial  velocity  and  the  measurements  (Fig.  8):  however,  it  appears  from 
the  illustration  that  much  of  this  “error”  could  originate  in  a  poor  definition  of  the  boundary  conditions.  The  entering  flow 
(measured)  is  clearly  at  an  angle  to  the  longitudinal  axis. 

Author’s  Reply 

Figure  8  does  not  show  streamlines  but  iso-velocity  lines  of  axial  velocity.  You  cannot  directly  conclude  from  the  shape  of  these 
lines  how  the  other  velocity  components  behave.  The  experiment  does  not  show  that  a  radial  entry  velocity  exists. 
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NUMERICAL  SIMULATION  OF  AEROTHERMAL  CHARACTERISTICS 
IN  GAS  TURBINE  COMBUSTORS  WITH  COMPLEX  GEOMETRIES 


P.  Di  Martino,  G.  Cinque  and  C.  Paduano 
Research  and  Development  Department 
Alfa  Romeo  Avio  S.A.p.A. 

80038  Pomigliano  d’Arco  (NA),  ITALY 


SUMMARY 

A  method  is  presented  for  calculating  steady  three- 
dimensional  two-phase  turbulent  reactive  flows  with  curved 
irregular  boundaries.  The  gas  phase  equations  are  solved  in 
an  Eulerian  frame  of  reference  by  a  numerical  technique 
based  on  the  finite  volume  approach,  while  the  equations 
describing  droplet  motion,  evaporation  and  burning  are 
treated  in  a  La gran gi an  frame  of  reference. 

Turbulent  transport  is  described  by  the  standard  k-e  model. 
The  combustion  model  utilizes  a  conserved  scalar 
formulation  and  an  assumed  shape  probability  density 
function  to  account  for  chemistry-turbulence  interaction. 
The  numerical  scheme  employs  structured  non-orthogonal 
grids,  node-centered  variable  arrangement  and  Cartesian 
velocity  components.  A  special  interpolation  procedure  is 
used  to  avoid  checkerboard  oscillations  due  to  pressure- 
velocity  coupling  and  a  low  diffusive  and  bounded  scheme 
is  introduced  to  approximate  the  convective  terms  in  the 
transport  equations. 

The  capabilities  of  the  numerical  procedure  are 
demonstrated  by  simulating  an  annular  combustion  chamber 
for  which  experimental  results  were  available.  The 
agreement  between  calculation  and  experiments  ranges  from 
fair  to  good. 
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the  linear  expression  for  S 

gas  temperature 
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f 
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h 

\ 

H, 

k 

J 

L 
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exponent  of  beta-function 
coefficients  of  discretized  equations 
exponent  of  beta-function 
specific  heat  at  constant  pressure 
constant  of  turbulence  model 
additional  diffusion  source  term 
mixture  fraction 
variance  of  mixture  fraction 
stagnation  enthalpy 
heat  transfer  coefficient 
coefficient  of  interpolation 
kinetic  energy  of  turbulence 
Jacobian 

Latent  heat  of  vaporization 
molar  mass  of  species  j 


“u 

r* 

E 
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p. 

A 

$ 

P 

Pi 


relaxation  coefficient 
transport  property  in  equation  (1) 
dissipation  rate  of  k 
curvilinear  coordinate 
curvilinear  coordinate 
gas  laminar  viscosity 
turbulent  viscosity 
curvilinear  coordinate 
gas  density 
liquid  density 

generalized  dependent  variable 


Superscripts 

e  equilibrium  value 

o  value  at  the  previous  iteration 

linear  average 
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Subscripts 

d 

D 

e 

E 

g 

n 

N 

P 

P 

s 

S 

u 

U 

w 

W 

fti 


downward  cell  interface 
downward  grid-point 
eastern  cell  interface 
eastern  grid-point 
gas-phase 

northern  cell  interface 
northern  grid-point 
grid-point  under  consideration 
liquid-phase 
southern  cell  interface 
southern  grid-point 
upward  cell  interface 
upward  grid-point 
western  cell  interface 
western  grid-point 
fuel 


INTRODUCTION 

The  role  of  computational  methods  in  the  design  and 
development  of  gas  turbine  combustors  has  become  more 
pronounced  in  recent  years  due  to  influences  from  a 
number  of  sources.  From  a  computational  viewpoint,  the 
availability  of  more  powerful  computer  hardware  fas 
enabled  the  calculation  of  complex  flowfields  with  a 
predictive  capability  improved  through  the  use  of  more 
accurate  numerical  schemes  and  physical  models.  In 
addition,  the  pressures  to  design  combustion  chambers 
exhibiting,  for  example,  improved  durability  and  reduced 
pollutant  emissions,  has  made  the  task  of  the  combustion 
engineer  more  challenging,  necessitating  a  move  away  from 
the  traditional  ’cut  and  try’  approach  or  the  use  of 
empirical  correlations  based  on  previous  results. 
Consequently,  advanced  computational  fluid  dynamics 
techniques  are  now  an  essential  tool  for  use  in  the  design 
and  development  processes. 

Finite-volume  methods  have  been  widely  applied  to 
problems  with  regular  geometries  where  the  boundaries 
happen  to  coincide  with  the  coordinate  lines  of  an  analytic 
orthogonal  coordinate  system.  But  this  approach  is  quite 
unsatisfactory  for  many  problems  of  practical  interest 
involving  complex  irregular  boundaries  since  prescription 
of  conditions  ai  boundaries  not  conforming  to  the 
coordinate  lines  is  difficult  and  near-wall  regions  with  steep 
gradients  are  no  easy  to  resolve  accurately.  Further,  most 
commonly  used  solution  algorithms  converge  rather  slowly, 
which  poses  limitations  on  grid  refinement,  particularly  for 
three-dimensional  situations. 


In  this  paper  an  efficient  finite-volume  method  using 
body-conforming  non-orthogonal  but  stmetured  grids  for 
three  dimensional  turbulent  reactive  flows  has  been  derived. 
The  main  issues  addressed  are  the  accurate  modelling  of 
the  two-phase  3-D  flow  phenomena,  the  influence  of 
turbulence  on  chemical  kinetics  and  the  higher-order 
discretization  of  the  convective  terms.  The  calculation  and 
comparison  with  experiments  demonstrate  the  performance 
of  the  method  with  respect  to  numerical  accuracy, 
computational  efficiency  and  flexibility  in  handling 
complex  geometries. 


GAS-PHASE  GOVERNING  EQUATIONS 

Steady  fully  elliptic  density-weighted  Navier-Stokes 
equations  describing  gas  phase,  under  low  Mach  number 
approximation,  coupled  to  the  energy  and  momentum 
balance  equations  for  the  liquid  phase,  are  considered  [1]. 
The  standard  k-£  model  provides  for  turbulence  closure 
along  with  the  wall  function  treatment  for  the  near-wall 
regions.  The  conservation  equations  solved  for  the  gas 
phase  are  those  for  momentum,  mass,  kinetic  energy  of 
turbulence  and  its  dissipation.  The  general  form  of  these 
equations,  written  in  cartesian  coordinates,  is: 


All  terms  which  arise  in  addition  to  convection  and 
diffusion  are  grouped  in  the  source-term  S,  for  the  gas- 
phase,  while  Sd  accounts  for  liquid  droplets. 

In  order  to  fit  the  very  complex  geometries  encountered 
in  industrial  applications,  a  body  conforming  system  of 
coordinates  is  used.  The  latter  can  be  obtained  by  mapping 
the  arbitrarily  shaped  physical  domain  into  a  rectangular 
parallelopiped  (fig.  1)  through  a  transformation  such  as: 


5=S(*,y,z)  ,  n=T)(*,w)  ,  C  =C(jf, y,z) 


(2) 


The  equations  (2)  provide  the  relationships  between 
cartesian  x.y.z  and  curvilinear  coordinates.  By  using 


(2)  the  transport  equation  (1)  can  therefore  be  transformed 
in  a  formally  analogous  one  in  curvilinear  coordinates,  with 
convective,  diffusive  and  soiree  terms  clearly 
distinguishable  [2]: 


^(pf/+>  *  ^-(P  V*)  ♦  ^(p  ^4»= 

OT1  dC 

dir  WJir,  W+Ad*  # 
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3\ri  a«j>  _  d*\]  a\ r/  d«t>  „  <h»V 

m  A9'*  an +q  ’  ac  J/  a?  A*21  a? ac  J 

o^t^v  a;  ’  an/j 


(3) 


In  the  foregoing  mathematical  expression  U,V,W  are  the 
so-called  contravariant  velocity  components,  J  is  the 
Jacobian  of  the  coordinate  transformation,  q^  are  metric 
quantities,  terms  with  i*j  accounting  for  grid  distortion. 

The  distribution  of  the  turbulent  viscosity  is  provided  by 
the  turbulence  characteristics,  namely  k,  the  kinetic  energy 
of  the  fluctuating  motion  and  its  dissipation  rate  e. 

The  turbulent  viscosity  is  related  to  k  and  c  by  dimensional 
arguments  in  the  following  way: 


The  additional  conservation  equations  required  for  a 
chemically  reacting  system  are  those  for  stagnation  enthalpy 
and  chemical  species  mass  fractions.  The  definition  of 
stagnation  enthalpy  is: 


state  variables  o  be  expressed  in  terms  of  any  conserved 
scalar,  which  is  chosen  to  be  the  mixture  fraction  f  [3J. 
Further,  if  recognition  is  taken  of  the  fact  that  combustor, 
operate  predominantly  at  high  inlet  temperatures  ?nd 
pressures,  then  it  may  be  assumed  that  tbs  chemical 
reactions  have  time  scales  very  short  compared  to  those 
characteristic  of  the  transport  processes.  This  leads  tj  the 
"fast  chemistry"  approximation  implying  that  it  is 
admissible  to  assume  (instantaneous)  chemical  equilibrium 
appropriate  to  the  local  mixture  fraction  value.  Modelling 
the  consequences  of  tisrbulent  fluctuations  on  the  chemical 
composition  is  then  reduced  to  describing  the  fluctuations 
of  the  mixture  fraction.  This  is  done  via  the  introduction  of 
the  probability  density  function  (pdf)  of  the  conserved 
s  ar  f.  The  shape  of  the  pdf  is  presumed,  in  terms  of  the 
local  mean  and  variance  of  the  mixture  fraction,  the  values 
of  which  are  obtained  from  the  solution  of  the  modelled 
partial  differential  equations.  Thus  the  local  pdf  at  each 
point  is  convoluted  with  the  corresponding  equilibrium 
vector  to  generate  required  quantities  and  the  mean  values 
of  temperature,  density  and  chemical  species  mass  fraction 
can  be  evaluated  from: 

<J>  -  /0W)/VXf  <6> 


P  = 


(7) 


where  4>’(f)  is  the  chemical  equilibrium  value  of  <>  as  a 
function  of  f  and  P(f)  is  the  density  weighted  p.d.f.  for  the 
scalar  f.  The  function  chosen  was  the  two-parameter  Im¬ 
probability  density  function  [3j: 
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h  -  *  YfabH  *  —  (k2+v2+w2) 


(5) 


where  a  and  b  are  given  by: 


and  it  is  used  to  calculate  the  temperature  T.  In  this 
equation  AH  is  the  heat  of  combustion.  The  dependence  of 
the  specific  heat  of  the  mixture  on  temperature  and 
composition  is  considered. 

In  the  case  of  a  practical  gas  turbine  combustor,  since  fuel 
and  air  enter  the  combustion  system  via  separate  streams, 
the  combustion  model  used  is  one  appropriate  to  so-called 
non-premixed  flames.  The  reasonable  assumptions  of 
negligible  heat  loss  due  to  radiation  and  equality  of  all 
diffusive  transport  coefficients,  allow  all  thermochemical 


a  =  / 


(1  ~f)f 

8 


(9) 


The  density  is  provided  by  the  equation  of  state: 


(10) 
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LIQUID-PHASE  MODEL 

Tlus  model  assumes  that  the  fuel  is  injected  into  the 
combustion  chamber  as  a  fully  atomized  spray  which 
consists  of  spherical  droplets.  The  liquid-phase  equations 
are  based  on  the  Lagnngian  formulation  of  the  droplet 
trajectory,  transient  beating  and  vaporization.  The  entire 
fuel  spray  is  constructed  using  a  finite  number  of  size 
ranges  obeying  a  two  parameter  droplet  size  distribution, 
which  is  assumed  to  be  of  Rosin-Rammlcr  type.  The 
equations  of  motion  for  each  of  the  droplets,  representing 
the  size  groups  which  constitute  the  spray,  aie  based  on  the 
concept  of  relaxation  time: 


dt 


(H) 


where 


9  -  velocity  vector  of  droplet 
9g  =  velocity  vector  of  continuous  gas  phase 
=  dynamic  relaxation  time  of  droplet 


The  dynamic  relaxation  time  of  droplet,  is  defined  as: 


The  particle  Reynolds  number  is  defined  as: 


Re  = 


(13) 


An  important  quantity  is  the  drag  coefficient  Q,.  There  are 


several  expressions  available  in  the  literature,  each  of  which 
has  an  experimental  basis.  In  this  study  CD  is  taken  from 
(41: 


< 


CD  »  -(1  *  0.15/if04*7),  Re<lOJ 

8e  (14) 

CD  «  0.44,  Jto>10* 


The  description  of  droplet  beating  and  evaporation  is  added 
to  the  computational  model  using  two  equations  which  are 
solved  separately.  The  former,  which  accounts  for  energy 
balance,  is  given  by: 


£ 

dt 


(15) 


and  is  solved  only  during  the  preheating  period  until  the 
droplet  temperature  reaches  the  boiling  point,  at  constant 
diameter.  Subsequently  the  droplet  temperature  remains 
constant  and  the  decrease  in  diameter  occur.  This  is 
described  by  the  second  equation: 

^  (1  ♦  0  28/te03)  (16>  ^ 

dt  2D 

where  Q  is  the  vaporization  rate  constant  whose  value 
depends  on  the  physical  properties  of  the  surrounding 
medium  as  well  as  fuel  itself. 

The  liquid-phase  equations  are  coupled  to  the  equations  ^ 

describing  gas-phase  through  the  droplet  source  term,  which 

are  obtained  by  calculating  what  is  lost  or  gained  in  terms 

of  mass,  momentum  and  energy  as  the  droplets  enter  and 

leave  volume  elements.  The  set  of  simultaneous  ordinary 

equations  for  liquid  phase  are  solved  by  the  fourth  order 

Runge-Kutta  method  at  suitable  intervals  within  the 

iterative  procedure  (see  next  section).  The  time  step  is  " 

dynamically  adjusted  based  on  droplet  velocity  and  grid  cell 

size.  At  this  level  the  effects  of  turbulence  on  the  droplet 

motion  are  neglected. 


FINITE  VOLUME  METHOD 


4 


Control  Volume  and  Variable  Arrangement.  Figure  1 
shows  tt.e  kind  of  control  volume  and  the  variable 
arrangement  used  m  the  present  method.  The  grid 
generation  procedure  calculates  the  coordinates  of  the 
control  volume  verticet.  which  are  simply  joined  by  linear 
segments  to  form  the  same.  All  the  variables  are  stored  at  4 

tlie  geometric  center  P  of  the  control  volume.  The  six 
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neighboring  control  volume  centers  are  indicated  by  N,  S, 
E,  W,  U  and  D  for  the  north,  south,  east,  west,  up  and 
down  neighbors.  The  face  center  points  n,  s,  e,  w,  u  and  d 
are  located  at  the  intersection  of  the  lines  joining  the 
midpoint  of  the  opposite  edge.  These  points  are  used  for 
locating  the  variables  and  their  gradients  on  the  control 
volume  faces. 

Flux  Balance  Equations.  The  partial  differential  equations 
previously  described  have  been  transformed  into  difference 
equations  by  integrating  over  each  control  volume  with  the 
aid  of  Gauss  theorem. 

Thus,  the  volume  integral  of  the  terms  under  the  differential 
operator  on  the  left  hand  side  of  the  transport  equation  (3) 
may  be  converted  to  surface  integrals  (fluxes)  over  the  six 
different  faces  of  the  control  volume.  The  resulting  balance 
equation  for  each  control  volume  and  variable  0  may  the  be 
expressed  as  follows: 

i.  -  /„  ♦  <i7) 


where  I,,  for  example,  represents  the  total  flux  of  0  across 
the  face  e.  Each  of  the  surface  fluxes  is  made  of  three 
distinct  part,  namely  a  convective  contribution  Ic,  a  normal 
diffusive  contribution  1°"  and  a  cross-derivative  diffusive 
pan  I00  arising  from  the  coordinate  transformation. 
Equation  (17)  involves  no  approximation  and  represents  the 
finite  volume  analog  of  the  differential  equation  (3). 

The  diffusive  terms  I1*1  were  replaced  by  their  central 
difference  analogs,  while  a  higher  order  upwind  scheme 
was  used  for  convective  terms  Ic  It  is  well  known  that 
first-order  upwinding  fads  to  give  accurate  solutions  at  high 
Reynolds  numbers.  For  recirculating  flows  weaker  vortices 
and  sometimes  incorrect  flow  fields  are  predicted.  In  this 
study  we  have  chosen  the  QUICK  differencing  along  with 
a  boundedness  criterion  to  avoid  numerical  oscillations. 

The  cross-derivative  diffusive  part  I1*-  is  included  in  the 
source  term,  which  may  be  expressed  as  follows: 


zv// (18) 


where  D.  is  the  term  involving  the  cross  derivatives. 
Replacing  the  expressions  for  convective  and  diffusive  face 
fluxes  and  the  corresponding  source  terms,  a  set  of 
algebraic  equations  is  obtained  which  can  always  be  cast  in 
the  following  linearized  form: 


a  A  - 

♦<»A+M>D+51 


with 


ar  *  aE+aw+aN+as+au+aD-S2 


(20) 


where  the  A’s  are  the  coefficients  which  contain  the 
contributions  front  the  convective  and  diffusive  fluxes,  and 
S,  and  S,  are  the  components  of  the  linearized  source 
terms. 

Momentum  Interpolation  for  Calculation  of  Pressure 
Field.  Storing  the  variables  at  the  geometrical  cei.,er  of  the 
control  volume  coupled  with  the  use  of  linear  interpolation 
for  intemodal  variation  usually  leads  to  non-physical 
oscillations  or  the  so-called  red-black  checker-board 
splitting  of  the  pressure  field  and  the  associated  difficulties 
in  obtaining  a  converged  solution.  To  avoid  'his  problem, 
a  special  interpolation  suggested  by  Rhie  and  Chow,  termed 
as  momentum  interpolation  [2],  has  been  adopted  to 
evaluate  cell  face  variables  from  the  node  centered 
quantities.  For  3-D  flows,  the  discretized  momentum 
equations  for  the  node  centered  u  velocity,  using 
underrelaxation  parameter  ot^,  are: 

«,  =  *H[Hp+Dif(pl/-pt)+DJp(prpl)  + 

zy pt-p^v  a-«>; 


where  up°  is  the  value  of  uP  at  the  previous  iteration  and 
are  geometrical  quantities. 

The  discretized  momentum  equations  for  the  node  centered 
velocities  show  that  each  velocity  component  at  the  node 
center  consists  of  two  contributions,  namely  the  convective 
and  diffusive  transport  from  neighboring  control  volumes 
and  the  pressure  difference.  The  momentum  interpolation 
procedure  assumes  a  linear  variation  tor  the  first 
contribution  whereas  no  inteipolation  is  needed  for  pressure 
which  is  available  right  at  the  nodes  (for  example  at  P  and 
W  for  the  face  w).  Accordingly  the  west  face  velocity  uw, 
with  proper  underrelaxation,  may  be  expressed  as: 


K  -  *DiJP,  PJ  P.) 

+K  (pw-pp>h 


I! -6 


where  the  expression  with  overbar  represents  the  linear 
average  of  the  same  quantities  evaluated  at  the  points  P  and 
W  adjacent  to  the  face  w. 

In  this  study  the  well  established  SIMPLEC  [5]  method 
was  used  to  handle  the  velocity-pressure  coupling  and  the 
solution  of  the  individual  equations  sets  was  obtained  by 
TDM  A  (tridiagonal  matrix  algorithm)  based  iterative 
solvers. 

Boundary  Conditions.  One  of  the  most  important  aspects 
in  numerical  modelling  of  internal  flows  lies  in  the 
formulation  and  implementation  of  appropriate  boundary 
conditions  (BC).  Unless  there  is  mass  injection  involved  in 
treating  solid  surfaces,  the  no-slip  (u«0)  and  no 
throughflow  ( v-*0,  w«0)  conditions  are  imposed.  To  avoid 
the  need  for  detailed  calculations  in  the  near- wall  regions, 
algebraic  relations,  termed  wall  functions  [1],  are  derived 
so  as  to  reproduce  identically  the  implications  of  the 
"logarithmic  profiles",  with  uniform  shear  stress  prevailing 
up  to  the  near  wall  grid  node  and  generation  and  dissipation 
of  turbulent  kinetic  energy  locally  in  balance. 

The  wall  is  adiabatic,  as  a  consequence  of  the  hypotheses 
on  the  energy  loss.  No  surface  BC  on  either  pressure  or 
density  are  required.  However  values  of  both  need  to  be 
calculated  at  the  surface  in  order  to  solve  the  numerical 
central  difference  scheme  (dp/dn  «=  0.)  The  same  condition 
is  valid  for  f  and  g,  except  where  air  (f=0,  g=0)  or  fuel 
(f=l,  g=0)  inlets  are  present. 

At  ilk.  outflow  boundary,  a  zero  gradient  of  the 
contravariant  velocity  components  is  specified  horn  which 
the  cartesian  components  ate  derived.  For  all  the  other 
scalar  variables  the  same  gradient  condition  is  fulfilled.  The 
above  argument  is  based  on  the  Peclet  number  being 
sufficiently  large:  since  the  boundary  points  are  downstream 
of  the  calculation  domain,  they  do  not  influence  the 
solution.  Ihe  assumption  of  large  Peclet  number  is  a  slight 
distortion  of  reality  but  is  also  what  we  must  resort  to  if  we 
are  to  get  meaningful  solutions  in  the  absence  of  any 
further  information  about  the  outflow  boundary.  The 
resulting  inaccuracy,  if  there  is  any  at  all,  is  the  price  we 
pay  for  the  freedom  to  isolate  the  calculation  domain  from 
the  universe  that  lies  downstream  of  the  outflow  boundary. 
In  order  to  avoid  recirculation  across  the  outflow  boundary, 
we  made  the  grid  mesh  a  little  bit  longer  along  the 
streamwise  direction.  It  is  only  a  numerical  requirement  and 
this  is  the  reason  why  it  was  not  represented  in  the  plot  (62 
points  instead  of  81). 


RESULTS 

The  calculation  procedure  described  in  the  foregoing 
sections  was  used  to  analyze  the  internal  reactive  flowfield 
of  the  GEM-60  annular  combustion  chamber,  for  which 


experimental  results  were  available  [6].  The  geometry  of 
the  combustor  is  shown  in  fig.  2.  !t  consists  of  five  film¬ 
cooling  slots,  a  set  of  five  primary  holes  located  on  the 
lower  wall  (two  of  which  are  in  line  with  the  vaporizer 
exit),  and  two  sets  of  dilutions  holes  staggered  by  a  half- 
pitch  with  respect  to  the  primary  holes.  Natural  gas  (94% 
CHj  was  used  as  fuel  and  delivered  to  the  T-vaporizer  at 
flow  rate  which  led  to  air-fuel  ratio  of  29,  corresponding  to 
the  take-off  condition.  The  inlet  air  flow  temperature  was 
515  K.  As  gaseous  fuel  was  used,  in  this  calculation  the 
liquid  phase  model  was  not  activated.  It  is  only  mentioned 
to  illustrate  the  capabilities  of  the  model.  A  future 
investigation  on  liquid  fuel  combustors  is  planned. 

A  3-D  view  of  the  curvilinear  grid  mesh  used  for 
calculation  is  plotted  in  fig.  3.  After  600  iterations  the 
maximum  residual  of  mass  is  lower  then  105  (log  values 
reported  in  fig.  4),  thus  showing  that  the  solution  has 
reached  a  reasonable  convergence  at  this  point. 

The  predicted  velocity  field  in  three  vertical  planes  is 
shown  in  fig.  5.  For  clarity  the  vectors  are  plotted  every 
other  one.  The  primary  jet  has  an  almost  vertical  trajectory 
and  limits  the  extent  of  the  primary  zone  vortex  which  is 
mainly  driven  by  the  film  cooling  flow.  The  eye  of  the 
primary  vortex  is  shifted  toward  the  upper  wall  in  regions 
close  to  the  primary  jets.  The  downstream  dilution  jets, 
which  are  directly  opposed,  show  a  larger  penetration  of  the 
upper  jet.  It  is  in  this  region  where  the  largest  changes  in 
flow  pattern  occur.  This  is  indicated  even  more  clearly  by 
the  transverse  section  particle  tracks  shown  in  fig.  6.  Very 
different  and  complex  secondary  flows  are  displayed. 

Horizontal  cross-stream  distributions  of  longitudinal  mean 
velocity,  obtained  in  the  primary  zone,  are  presented  in 
fig. 7.  The  agreement  with  experiments  is  considered  good. 

The  temperature  field  in  the  same  planes  as  fig.  5  is 
plotted  in  fig.  8  along  with  experimental  measurements. 
The  maximum  temperatures  occur  in  the  upper  half  of  the 
primary  and  intermediate  zones  and  are  in  line  with  the 
vaporizer  exits,  as  it  can  be  seen  in  fig.  9,  where  cross- 
plane  distributions  of  temperature  are  reported.  Ihis  general 
pattern  has  been  maintained  at  the  exit  plane  with  a  slight 
shift  in  the  high  temperature  regions.  Tire  trend  is 
qualitatively  and  in  some  cases  even  quantitatively  well 
predicted. 

Figure  10  shows  the  main  chemical  species  mass  fir  actions 
(%)  in  a  vertical  plane.  Relatively  high  values  of  unbumed 
fuel  observed  in  presence  of  02  below  the  midplane  in  the 
primary  zone  indicate  that  the  reactions  have  not  proceeded 
to  equilibrium  and  the  global  fuel  breakdown  has  been 
inhibited  in  very  fuel  rich  regions  close  to  the  lower  wall. 
Oxygen  levels  are  underpredicted  in  the  primary  zone  while 
unbumed  fuel  is  overpredicted  in  the  intermediate  zone. 
The  reasons  for  that  are  believed  to  be  the  simplified 
reaction  mechanism  used.  Further  improvements  which 


account  for  finite  rate  chemistry  effects  are  under  way. 

Finally  the  exit  plane  temperatures  distributions  measured 
at  different  values  of  y-cooidinate  are  represented  in  fig. 
11.  The  root  mean  square  (RMS)  of  relative  error  between 
theoretical  and  experimental  results  is  indicated  in  each 
diagram.  The  trend  is  fairly  well  predicted. 


CONCLUSIONS 

A  general  finite-volume  method  has  been  described  for 
calculating  3-D,  turbulent,  combusting  flows  with  complex 
geometries  and  its  application  to  gas  turbine  combustion 
chambers  has  been  shown. 

The  agreement  with  experimental  data  used  to  validate  the 
model  ranged  fron.  fair  to  good.  These  results  illustrate 
that,  while  much  work  remain  to  be  done  in  improving 
physical  models,  the  techniques  outlined  here  have  reached 
a  sufficient  state  of  maturity  to  be  used  with  confidence  in 
the  design  and  development  stages  for  gas  turbine 
combustors. 
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Fig.  1.  Control  volume  In  physical  and  computational  space. 
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Fig.  2.  Combustor  geometry. 
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Fig.  6.  Cross-plane  calculated  velocity  field  (dilution  holes  X=74  mm). 
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Fig.  9.  Cross-plane  distributions  ot  mean  temperature  (K):  (A  ■  model;  B  ■  experiments). 
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Fig.  10.  Mass  fractions  of  chemical  species  in  a  vertical  plane:  Z 
(A  =  model;  B  *  experiments). 
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Discussion 


Question  1.  S.  Maldhof 

You  showed  a  line  drawing  with  the  development  of  residuals.  These  curves  end  at  iteration  no.  600.  Is  the  solution  then  already 
in  a  converged  state?  Do  you  perform  any  other  tests  to  prove  convergence? 

Author’s  Reply 

Yes,  the  solution  is  already  converged  after  about  400  iterations.  For  the  convergence  we  control  the  maximum  mass  residual  and 
the  difference  of  pressure  between  the  inlet  and  the  exist  of  the  combustor.  The  former  has  to  be  less  than  a  specified  value,  and 
the  latter  has  to  become  constant.  We  can  also  control  the  history  of  convergence  of  specific  points  within  the  combustor  by 
plotting  the  temperature,  total  enthalpy,  mixture  fraction  and  its  fluctuations.  All  these  tests  showed  convergence  of  the 
calculation. 


Question  2.  Dr  G.  Andrews 

Will  you  please  outline  how  the  film  cooling  air  was  modelled,  as  it  does  not  seem  to  form  part  of  the  mesh  geometry  in  Figure  3. 
Also,  what  boundary  conditions  were  ued  for  the  airflow  distribution  and  hole  velocity  profiles  at  the  inlet? 

Author’s  Reply 

In  our  code  we  can  model  the  film  cooling  in  two  ways.  Either  the  film  cooling  is  considered  as  a  flow  entering  the  boundary,  or  it 
is  considered  as  an  injection  or  air  with  a  given  mass  flow,  momentum  and  enthalpy  in  the  near  wall  mode  corresponding  to  the 
film  cooling  slot.  In  the  present  calculation  the  latter  method  was  used  which  permits  an  easier  shape  of  the  mesh.  The  boundary 
conditions  in  the  holes  are:  temperature,  pressure,  mass  flow  of  the  entering  flow  and  the  effective  area  of  the  holes. 
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ABSTRACT 

Multidimensional  computational  combustion  dynamics  has 
been  used  over  the  last  twenty  yean  by  Mongia  and  his  co¬ 
workers  to  provide  improved  insight  during  gas  turbine 
combustor  design  and  development  processes.  The  empiri¬ 
cal/analytical  combustor  design  methodology  that  wu  lint 
demonstrated  under  the  Army  sponsored  Combustor  Design 
Criteria  Validation  program  conducted  during  1974-1978 
has  been  used  in  the  design  and  demonstration  of  IS  ad¬ 
vanced  rig  combustors,  four  technology  demonstrator  en¬ 
gine  combustors,  three  engine  combustors  and  one  small 
turbine  augmentor.  Recognizing  the  limitations  of  turbu¬ 
lent  combustion  models,  numerics  and  the  assumptions  re¬ 
quired  to  fully  specify  the  boundary  conditions  for  practical 
gas  turbine  combustion  systems,  a  new  technique  that 
combines  state-of-the-art  turbulent  combustion  models 
with  "consistent"  macro-volume  expressions  ("hybrid 
combustor  modeling")  was  proposed  by  Rizk  and  Mongia 
(1986).  This  hybrid  modeling  approach  has  been  cali¬ 
brated  with  combustors  that  include  diffusion  flame,  lean 
premix/prevaporized,  or  rich-lean  types  of  combustion 
processes.  The  hybrid  modeling  technique  gives  good 
"quantitative"  agreement  with  measured  data  on  gaseous 
emissions,  smoke,  combustion  efficiency,  lean  blowout 
fuel-air  ratio,  pattern  factor,  liner  wall  temperature  levels 
and  gradients  of  a  number  of  combustors. 

I .  INTRODUCTION 

Conventional  combustor  design  techniques  make  extensive 
use  of  empirical  design  data  based  on  proven  gas  turbine 
combustion  systems,  empirical  and  semi-empirical  design 
correlations,  simplified  calculation  methods  (mostly  quasi- 
one-dimensional),  innovative  intuitions  based  on  the  fun¬ 
damentals  of  turbulent  combustion,  element  test  rigs  cou¬ 
pled  with  bench-scale  and  sector  test  rigs  to  complete  pre¬ 
liminary  and  detail  design  of  "near  next-generation"  com¬ 
bustion  systems.  This  is  followed  by  a  protracted  combus¬ 
tor  development  process  that  uses  full-scale  test  rigs,  de¬ 
velopment  engines  and  lead-the-fleet  field  demonstration 
engines.  This  empirical  combustor  design  technique  has 
been  quite  successful,  and  significant  advances  in  the  com¬ 
bustor  technology  and  design  concepts  have  been  made  dur¬ 
ing  the  last  thirty  years. 

The  limitations  of  empirical  combustor  design  techniques 
are  well-known.  Multidimensional  computational  combus¬ 
tion  dynamics  (CCD)  has  therefore  been  used  by  many  to 


help  provide  insight  during  combustor  design  process  as 
summarized  in  Section  □.  An  empirical/analytical  design 
methodology  was  proposed  and  demonstratedO  -2)  for  two 
small  reverse-flow  annular  combustors.  Subsequently,  this 
methodology  has  been  used  by  Mongia  and  co-workers  for 
a  number  of  gas  turbine  combustors  as  described  briefly  in 
Section  Cl.  The  limitations  associated  with  multidimen¬ 
sional  turbulent  combustion  models  and  their  application 
to  gas  turbine  combustion  analysis  are  outlined  in  Section 
IV.  Consequently,  a  new  technique  (3)  called  hybrid  model 
ing  has  evolved  over  the  last  seven  years  (Section  V)  that 
gives  "bottom-line"  output  for  gaseous  emissions,  smoke, 
combustion  efficiency,  lean  blowout,  burner  exit  pattern 
factor,  liner  wall  temperature  levels  and  gradients. 

II.  USE  OF  CCD  FOR  IMPROVING 
UNDERSTANDING 

A  number  of  significant  improvements  have  been  made 
over  the  last  thirty  years  in  our  ability  to  calculate  complex 
turbulent  combustion  flows  relevant  to  gas  turbine  combus¬ 
tors^).  Mongia  and  his  colleagues  have  conducted  re¬ 
search  in  the  areas  of  numerical -1 1 ),  spray  dynamics02- 
I®),  fuel  nozzle  modeling(12-19)>  jet  mixing(2.  20-22), 
swirling  flows(2,  23-30)  and  combustor -diffuser  interac¬ 
tional).  We  have  been  using  two-and  three-dimensional 
reacting  flow  programs  for  improving  our  basic  understand¬ 
ing  in  engine  combustors  since  1974  starting  with  the 
smoke  snd  lean  blowout  trade-off  studies  conducted  for  the 
TFE-731.  Other  applications  included  the  following: 

•  wall-carboning  issues  on  the  TPE  331  10 

•  fuel  spray  and  flow  interaction  in  the  ATF-3  combustor 

•  cold  start  and  excessive  hot  wall  temperature  concerns 
on  the  recuperative  engine  GT601 

•  primary  orifice  placement  optimization  study  on  the 
TPE  331-14/15 

•  development  of  a  low-smoke  combustor  for  the 
TFE731 

•  root  cause  for  the  durability  distress  on  the  501 -K34 
convective/film  cooled  combustor  liner 

•  low-smoke  570  combustor  flow  configurations 
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•  T56-A427 

•  T406/GMA  2100  combustors 

•  GMA  3007  combustor 

A  typical  illustration  is  given  in  the  following  paragraphs 
on  how  3-D  combustor  calculations  have  been  used  to 
achieve  trade-off  between  smoke,  lean  blowout,  and  pattern 
factor. 

The  baseline  370  combustor  was  discretized  into  an  x-y-z 
grid  network  of  approximately  70,000  nodes.  The  baseline 
design  does  not  have  any  swirler  dome;  whereas  the  final 
low  smoke  combustor  used  an  optimum  swirler  design  that 
reduced  the  maximum  SAE  smoke  number  (of  the  baseline) 
from  38.0  to  11.0. 

From  predicted  profiles  of  fuel-air  ratios,  gas  temperatures 
and  turbulence  kinetic  energy  of  these  two  combustors,  as 
shown  in  Figures  1,  2  and  3  from  Rizk  and  Mongia(^O), 
one  could  convince  oneself  with  the  basic  explanation  for 
achieving  a  three-fold  reduction  in  exhaust  smoke  emis¬ 
sions. 

Similarly,  over  the  years,  a  number  of  researchers  have  re¬ 
port  ed((32-34)  that  3-D  reacting  flow  models  provide  an 
improved  understanding  in  gas  turbine  combustion  pro¬ 
cesses.  Therefore,  the  use  of  CCD  to  provide  an  improved 
insight  during  the  combustor  design  and  development  pro¬ 
cess  has  become  a  common  practice  in  many  gas  turbine 
companies. 

III.  USE  OF  EMPIRICAL/ANALYTICAL  DE¬ 
SIGN  METHODOLOGY 

The  fust  application  of  the  empirical/analytical  design 
methodology  wcs  the  design  and  development  of  two  small 
reverae-flow  annular  combustors^  as  shown  in  Figure  4. 
These  two  combustors  were  unique  and  as  such  there  was 
hardly  any  significant  experience  data  base  available  to 
provide  empirical  design  guidance.  The  Army  Combustor 
Design  Criteria  Concept  I  (ACDCI)  uses  ten  discrete  dome 
swirlers  and  ten  radially  inserted  air-assist  airblast  nozzles 
which  inject  the  fuel  (JP-4  or  JP-5)  upstream  toward  the 
dome  with  analytically  optimized  down  and  back  angles.  It 
has  a  single  row  of  20  primary  orifices  on  the  outer  wall  at 
the  location  marked  2  in  Figure  4.  Two  geometrically  op¬ 
posed  rows  of  intermediate  orifices  are  located  at  4  and  1 1, 
respectively.  Finally,  dilution  orifices  are  at  locations  6 
and  13.  Figure  4  lists  the  design  point  combustor  air  flow 
rate  (\Va31  j,  inlet  pressure  (P3)  and  temperature  (Tj),  cor¬ 
rected  airflow  rate  (Wc),  combustor  fuel/air  ratio  (F/A)  and 
exit  temperature  (T  A  the  liner  outer  wall  diameter  (OD), 
combustor  channel  height  fH),  liner  length  (L)  and  heat  re¬ 
lease  rate  (HRR,  MBTU/ft  hr  atm)  for  Concept  I  (i.e. 

ACDC I). 


The  Army  Design  Criteria  Concept  II  (ACDC  II)  has  a  sin¬ 
gle-sided  primary  zone  flow  pattern  established  by  discrete 
slot  air  injection  (with  a  30  deg  angle  to  the  outer  wall  to¬ 
ward  the  combustor  dome)  at  two  axial  locations  marked  2 
and  3.  The  single-sided  primary  zone  flow  pattern  is  further 
strengthened  by  thirty  radial  entry  jets  at  location  1.  The 
primary  zone  is  terminated  by  thirty  radial  primary  jets  at 
location  10.  The  dilution  orifices  are  located  at  stations 
marked  3  and  12.  ACDC  II  combustor  liner  length  was  4.27 
in.  and  the  corresponding  HRR  was  6.0  MBTu/ft^  hr  atm. 

Both  combustor  concepts  used  the  same  set  of  fuel  nozzles 
to  minimize  fabrication  cost.  Both  the  combustor  liner  and 
the  outer  transition  liner  used  a  low-cost,  relatively  ineffi¬ 
cient  "English”  louver  film  cooling  technique  as  shown  in 
Figure  4. 

Table  I  shows  comparison  between  Concepts  I  and  II 
(ACDC  I  and  ACDC  II)  in  regard  to  total  cooling  air,  dilu¬ 
tion  air,  and  the  aero  thermal  performance  achieved  with  the 
baseline  Concept  I  and  Concept  II  after  one  modification. 
Both  combustors  met  or  exceeded  design  goals. 

In  a  follow-on  effort,  the  baseline  Combustor  Concept  I 
was  analytically  assessed  for  increasing  the  burner  temper¬ 
ature  rise  to  2200°F.  The  modified  combustor  as  shown  in 
Figure  3  is  identical  to  the  baseline  combustor  Concept  I 
except  for  the  thirty  primary  orifices  added  to  the  ID  wall. 
This  combustor  achieved  performance  goals  without  requir¬ 
ing  any  further  hardware  refinemeu*. 

A  low-NOx  fuel-staged  reverse-flow  annular  combustor 
evolved  through  a  systematic  design,  rig  testing,  and  de¬ 
velopment  process  under  the  NASA  sponsored  Pollution 
Reduction  Technology  ProgramP?).  This  combustor  that 
originally  started  as  a  premix/prevaporizing  combustion 
concept  was  developed  by  using  the  empirical/analytical 
design  methodology(37,  38),  \  number  of  combustor  con¬ 
figurations  were  tested  in  this  program  which  provided  us 
with  an  extensive  data  base  to  calibrate  the  design  method¬ 
ology. 

The  Phase  II  combustorP?)  Concept  3  as  shown  in  Figure  6 
used  an  annular  pilot  zone  fueled  by  20  piloted  airblast 
nozzles.  Forty  simplex  pressure  atomizers  surrounded  by 
air  chutes  that  inject  approximately  22%  were  used  for 
the  main  combustion  zone.  Compared  to  build-of-material 
engine  combustor,  Concept  3  achieved  approximately  70% 
reduction  in  the  take-off  NOx  emission  index  (NOxEI),  and 
the  idle  unbumed  hydrocarbon  and  CO  emission  indices 
(HCEI  and  COEI)  reductions  were  97%  and  70%,  respec¬ 
tively. 

The  first  ceramic  engine  demonstration  program  under  the 
sponsorship  of  DARPA/NAVSEA  required  the  development 
of  a  reverse-flow  annular  combustion  system  that  exhibits 
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so  ft -ignition  and  "uniform"  wall  temperature  characteris¬ 
tics^)  with  attendant  beneficial  impact  on  the  survivabil¬ 
ity  of  monolithic  ceramics.  The  empirical/analytical  de¬ 
sign  approach  was  used  to  analyze  a  number  of  combustor 
configurations  leading  to  the  definition  of  the  baseline 
system  as  shown  in  Figure  7.  The  corrected  flow  rate  (Wc) 
of  this  combustor  is  1.03  PPS  compared  to  0.4  PPS  in  the 
Army  Concept  (Figure  4)  and  3 3  PPS  in  the  NASA  Concept 
3  (Figure  6).  The  combustor  liner,  the  outer  and  inner  tran¬ 
sition  linen  comprise  of  fifteen  ceramic  rings  and  a  metal¬ 
lic  dome.  The  combustion  system  achieved  superior  aero- 
thermal  performance,  exhibited  soft  ignition  and  extremely 
uniform  temperature  levels  on  the  outer  wall.  Although  the 
inner  wall  temperature  gradients  were  less  than  half  of 
those  on  the  conventional  combustors  (typically  500°F/ 
in.),  further  development  work  was  considered  necessary 
for  the  ceramic  rings  to  survive  the  planned  cyclic  testing. 

A  unique  reverse-flow  annular  combustion  system  for  high 
altitude  propulsion  engine  application  as  shown  schemati¬ 
cally  in  Figure  8,  was  designed  analyticallyf40).  Tins  rig 
combustor  was  to  operate  over  a  very  wide  operational  en¬ 
velope  with  the  corresponding  range  of  inlet  pressure  (P3) 
and  temperature  (T3)  as  listed.  The  ratio  of  the  maximum  to 
minimum  fuel  flow  rates  was  1600,  and  the  corresponding 
ratio  of  the  fuel/air  ratio  was  20.  The  corrected  burner  refer¬ 
ence  velocity  range  (Vp)  was  between  1.6  and  3600  fps. 

The  minimum  wind-mill  ignition  pressure  was  2.0  psia  and 
the  corresponding  goal  for  lean  blowout  fuel/air  ratio  was 
0.004.  Because  a  state-of-the-art  cooling  technique 
^stacked  ring  film-coolcd  with  thermal  barrier  coating)  was 
used  for  the  combustor  liner,  and  the  outer  and  inner  transi¬ 
tion  liners,  we  hud  to  achieve  low  pattern  factor  without 
any  dilution  air.  As  shown  in  Figure  8,  the  baseline  com¬ 
bustor  met  or  exceeded  all  design  goals  and  exhibited  ex¬ 
tremely  uniform  wall  temperature  distribution  and  pattern 
factor  of  0.11. 

A  unique  stoichiometric  in-line  annular  combustor 
(Figure  9)  was  analytically  designed^!)  that  demonstrated 
very  soft  ignition  and  lean  blowout  characteristics  in  addi¬ 
tion  to  achieving  essentially  uniform  wall  temperature  lev¬ 
els,  high  combustion  efficiency  and  low  smoked)  at  the 
fuel/air  ratio  of  0.053.  Its  dome  design  consists  of  twelve 
high-flow  (24.3%)  dual-spray  piloted  airbtasi  nozzles  sur¬ 
rounded  by  high-flow  (26.2%)  counter-rotating  swirlers. 
Because  the  combustor  was  designed  for  stoichiometric  op¬ 
eration,  it  used  76.8%  Wa3  in  the  primary  zone  and  no  dilu¬ 
tion  air.  The  basic  combustor  with  minor  modifications 
met  or  exceeded  design  requirements. 

A  counter-flow  convection-cooled  reverse-flow  annular 
combustor  (Figure  10)  was  design  ed(43)  for  rig  testing  at 
the  NASA  I  ewis  Research  CenteT  to  demonstrate  its 
aerothermal  performance  and  cooling  effectiveness.  To 
fully  utilize  the  effectiveness  potential  of  offset-fin  ex¬ 
tended  surface  geometry  with  double-  vall  construction,  it 
is  essential  that  the  combustor  walla  be  designed  to  give 


essentially  uniform  temperature.  This  was  achieved  by  ana¬ 
lytically  optimizing  the  airflow  distribution  around  the 
combustor  liner.  The  baseline  combustor  testing  at  NASA 
showed  that  all  design  goals  were  met  and  die  maximum 
wall  temperature  levels  were  more  than  3G0°F  lower  than 
those  of  another  combustor  that  used  conventional  slot 
film  cooling  technique. 

The  design  of  ceramic  ultra  low  emission  combustor  for  re¬ 
generative  automotive  gas  turbine  is  quite  challenging.  A 
systematic  empirical/analytical  design  and  proof-of-con- 
cept  demonstration  was  undertaken  by  Sanborn,  Mongia 
and  Kidwell(44).  The  basic  combustion  concept  as  shown 
schematically  in  Figure  1 1  comprises  of  a  unique  pure  air- 
blast  nozzle  that  can  translate  axially  to  vary  the  effective 
area  of  an  optimized  radial  inflow  s wirier.  Two  types  of 
swirlers,  namely  radial  inflow  swirler  and  an  axial  s wirier 
located  on  the  backward  facing  step,  were  tested  in  a  flame 
tube  test  rig.  With  a  suitable  fuel  nozzle  and  swirler  ar¬ 
rangement,  it  is  possible  to  achieve  an  effective  internal 
fuel-air  mixing  region  so  that  the  NOx  emissions  can  be 
minimized  over  the  entire  automotive  driving  cycle.  How¬ 
ever,  for  the  dome  designs  that  do  not  create  the  required  in¬ 
ternal  premixing  region,  one  should  expect  high  NOx 
emissions  because  of  the  high  combustor  inlet  temperature 
levels  (typically  1670-1 940°  F)  in  addition  to  the  high  de¬ 
gree  of  unmixedness. 

As  shown  in  Figure  11,  when  we  used  die  half-area  nJia’ 
swirler  with  the  full-area  axial  swirler  (configuration  3),  tie 
flame  tube  rig  testing  at  the  simulated  max  and  max-max 
power  points  produced  NOx  emissions  index  of  65.0  aid 
103  gm/kg  fuel,  respectively.  However,  the  corresponding 
NOx  Els  with  the  full-area  (optimum)  radial  swirler  (con¬ 
figuration  1)  were  2.0  and  1.8.  This  translates  into  a  98.0 
percent  reduction  in  NOx  emission  index  at  the  max-max 
engine  power  point. 

The  main  combustor  empirical/analytical  design  method¬ 
ology  was  modified  for  application  in  the  design  and  test¬ 
ing  of  a  small  turbine  augmertorf^),  This  augmentor  de¬ 
sign  (Figure  12)  evolved  after  analytically  assessing  (by 
means  of  two-and  three-dimensional  reacting  flow  pro¬ 
grams)  a  number  of  parametric  variations  involving  flame 
tube  diameter,  flameholder  geometries,  spray  injection  de¬ 
vices,  etc.  The  3-D  predicted  profiles  of  fuel-air  ratio, 
combustion  efficiency,  temperature  and  axial  velocity  are 
shown  in  Figure  12  for  an  axial  plane  8.)  in.  downstream 
from  the  flameholder.  The  two  most  promising  flame- 
holder  designs  were  fabricated  and  tested  in  an  augmentor 
le  i  rig.  Both  configurations  easily  met  the  design  objec¬ 
tives. 

Two  reverse-flow  annular  combustors  (Figures  13  and  14) 
were  designed  for  potential  application  in  future  advanced 
helicopu  r  engines.  Because  of  the  high  surface  to  volume 
ratios  of  small  leverse-flow  annular  combustors,  two  ad- 
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vanced  cooling  schemes,  namely  Lamilloy®  and  effu- 
»ion(76),  were  used  in  this  effort  The  primary  zone  airflow 
distribution,  fuel  nozzles,  dome  swirlers,  the  geometrical 
dimensions  of  the  barrel,  outer  and  inner  transition  linen 
were  identical  for  both  combustors.  Therefore,  it  was  a 
good  back-to-back  comparison  between  the  two  cooling 
schemes  in  regard  to  the  total  cooling  air  requirement  The 
maximum  liner  wall  tempuaane  exhibited  by  both  the 
Lamilloy  and  effusion  combustors  at  the  conclusion  of  a 
limited  rig  development  effort  as  1670‘F.  The  amount  of 
total  cooling  air  used  by  Lamilloy  and  effusion  combustion 
systems  were  34.7%  and  49.1%,  respectively.  In  other 
words,  the  Lamilloy  cooling  scheme  for  this  application 
required  approximately  30%  less  cooling  air  than  the  effu¬ 
sion  cooling. 

Advanced  cooling  schemes  need  to  be  developed  for  appli¬ 
cation  in  high  temperature-rise,  small  reverse-flow  annular 
combustors  so  that  the  durability  objectives  can  be  met 
with  acceptable  levels  of  cooling  air  requirement  One  of 
the  most  promising  cooling  schemes  is  the  compliant-ma¬ 
trix  cooling  technique(46)  as  illustrated  in  Figure  13.  This 
cooling  scheme,  which  reduces  the  cooling  air  requirement 
by  73  percent  compared  to  that  of  film-cooled  combustor 
was  demonstrated  on  a  reverse-flow  annular  combustor 
(OD  =  13.48  in.)  with  the  design  inlet  pressure  (P3  j), 
temperature  (T31 ),  air  flow  rate  (W131),  corrected  airflow 
rate  (Wc)  and  burner  outlet  temperature  (T^)  of  272  psia, 
1355°R,  7.74  lb/s,  0.69  lb/s  and  3460°R,  respectively. 

The  total  amount  of  cooling  air  used  for  this  combustion 
system  is  approximately  23%  compared  to  30.8%  used  in 
the  counter-flow  film-cooled  combustor  (shown  previously 
in  Figure  10)  designed  for  the  lower  P3  1  and  T^  levels, 
namely  235  psia  and  2960°R. 

The  rig  testing  including  the  simulated  cyclic  tests  has 
been  completed  recently^).  Acceptable  wall  temperature 
levels  and  aerothermal  performance  were  demonstrated  with 
the  baseline  combustor.  Measured  idle  efficiency,  lean 
blowout  fuel/air  ratio,  pattern  factor  and  maximum  SAE 
smoke  number  were  99.1%,  less  than  0.005,  0.15  and  less 
than  10,  respectively. 

A  short,  high-temperature-rise,  reverse-flow  annular  com¬ 
bustor  (liner  length  L  =  3.2  in.,  combustor  liner  OD  =13.6 
in.,  channel  height  H  =  1.98  in.),  sponsored  by  the  Army, 
mu  designed  by  using  the  empirical/analytical  design 
methodology.  The  main  objective  of  this  combustor,  as 
shown  in  Figure  16,  is  to  demonstrate  low  pattern  factor  of 
0.15.  The  design  conditions  of  this  combustor  should  be 
compared  with  other  small  combustors  discussed  in  this 
section,  e.g.  Figures  4,  5,  7,  10,  and  13  through  15.  The 
LPF  combustor  uses  an  effusion  cooling  scheme  with  ther¬ 
mal  barrier  coating.  The  baseline  combustor  with  the  cool¬ 
ing  air  modification  has  achieved  0.12  PF  (2000°F  temper - 

Lamilloy  is  a  trademark  of  the  General  Motors 
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ature-rise  with  depressed  combustor  inlet  temperature) 
along  with  acceptable  idle  efficiency,  CO,  unbumed  hydro¬ 
carbon  and  lean  blowout  fuel/air  ratio  of  99%,  22.2  gm/kg, 
3.3  gm/kg  and  0.006,  respectively. 

A  near-stoichiometric  in-line  annular  combustor  (liner 
OD  *  11.8  in.,  channel  height  H  =  3.0  and  length  L  =  6.9 
in.)  as  shown  in  Figure  17,  was  designed  to  operate  over  a 
broad  operating  envelope  from  the  simulated  sea-level  idle 
to  max -power  at  tea-level  flight  Mach  number  of  1.2.  This 
combustor  was  intended  to  run  in  a  simulated  engine  envi¬ 
ronment  behind  a  centrifugal  compressor  at  shown  in  Fig¬ 
ure  17.  The  placement  of  the  combustor  liner  relative  to 
the  discharge  plane  of  the  diffuser  was  quite  critical  to  en¬ 
sure  uniform  pressure  distribution  in  the  combustor  anmilii. 
An  earlier  version  of  the.  2-D  combustor -diffuser  interaction 
(CD1)  model  described  in  Reference  31  was  used  to  optimize 
the  flow -field  characteristic  around  the  combustor  liner.  A 
number  of  computer  runs  were  made  using  the  CDI  and  3-D 
reacting  flow  programs  to  define  the  final  combustor  con¬ 
figuration. 

The  baseline  combustor  with  one  modification  met  all  de¬ 
sign  objectives  including  high  combustion  efficiency  at 
near-stoichiometric  fuel-air  ratio  and  essentially  zero 
smoke  number.  This  combustor  used  eight  pure  airblast 
nozzles,  the  primary  zone  air  was  58.4%  Wa3,  and  the  dilu¬ 
tion  air  was  approximately  10%. 

A  unique  nonmetallic  in-line  annular  combustion  system, 
as  shown  in  Figure  1 8  was  designed  by  using  the  empiri¬ 
cal/analytical  design  methodology.  This  combustor  used 
sixteen  pre-chamber  cups  fueled  by  16  piloted  premix  fuel 
injectors.  As  shown,  each  cup  used  three  swirlers,  namely 
fuel  nozzle  swirler,  primary  and  secondary  swirlers.  The 
OD  and  ID  liner  walls  employed  a  total  of  eight  silicon  car¬ 
bide  composite  ceramic  rings.  The  basic  design  of  the 
combustion  system  was  optimized  in  regard  to  the  airflow 
distribution  through  the  three  swirlers  (and  swirl  angles  and 
relative  rotation,  i.e.,  clockwise  or  counter  clockwise), 
primary  orifices  and  the  cooling  flows  with  assumed  spray 
quality. 

The  first  rig  test  with  simulated  metallic  hardware  showed  a 
severe  not  streaking  characteristics  caused  by  the  poorly 
performing  fuel  nozzles.  A  programmatic  decision  was 
therefore  made  to  abandon  this  prechamber  dome  design 
tmd  pursue  the  future  test  program  by  adopting  the  non¬ 
metallic  rings  to  the  XTC  16/1  dome  design,  that  is  dis¬ 
cussed  later  in  this  section. 

The  first  application  of  the  empirical/analytical  design 
methodology  for  a  demonstrator  engine  combustor  was 
quite  challenging^)  in  that  a  small  channel  height 
(1.32  in.)  reverse-flow  annular  combustor  with  stacked  ring 
film  cooled  structure  was  to  be  designed  to  bum  JP-10  fuel 
with  low  exhaust  smoke.  This  combustor,  as  shown  in 
Figure  19,  with  a  5.3  ms  residence  time,  pure  airblast  noz- 


zlea,  7.8xl06BTu/fAir-atm  iieat  release  rate,  produced  low 
pattern  factor  (leas  than  0.2)  and  very  uniform  liner  wall 
temperature  levels  as  determined  from  a  temperature-sensi¬ 
tive  paint  run  at  Pj“196  pda,  T3  ■  750*P  und  T4  ■  2300' F. 
The  baseline  combustor  with  a  half-area  swirler  success¬ 
fully  concluded  the  engine  demonstration  program  without 
encountering  any  combustor  related  problems. 

A  high  temperature-rise,  reverse-flow  annular  combustor 
with  stacked  ring  film-cooled  structure  with  thermal  barrier 
coating  was  analytically  designed  (Figure  20)  and  tested  in 
an  advanced  gas  generator^*,  36).  in  spite  of  the  short 
combustor  length  (L  =  1.6  H),  high  heat  release  rate  (8x10° 
BTU/hr-ft3-atm).  zero  dilution  air,  the  burner  exit  pattern 
factor  waa  leas  than  0.13.  Even  though  the  primary  zone 
equivalence  ratio  was  close  to  unity  at  the  design  point 
with  attendant  SAE  amolre  number  leaa  than  1C,  its  sea- 
level  idle  lean  blowout  fuel/oir  ratio  of  0.003  was  achieved 
without  any  fuel-staging.  In  addition,  the  maximum  wall 
temperature  levels  did  not  exceed  1500'F  and  the  maximum 
temperature  gradients  were  significantly  lower  than 
500'F/in. 

The  same  combustor  liner  barrel  that  was  used  for  the  AF 
High  Temperature  Limited  Life  Turbine  (Figure  17)  was  ex¬ 
pected  to  be  used  in  the  AF  Expandable  Turbine  Engine 
Component  (ETEC)  program.  The  ETEC  demonstrator  en¬ 
gine  was  required  to  operate  successfully  from  the  sea-level 
suitic  operation  to  3.3  Mach  number  at  90,000  ft  altitude. 
Therefore,  in  addition  to  the  challenges  posed  by  the  near- 
stoichiometric  combustion  operation,  we  had  to  design  the 
combustion  system  for  wide  variations  in  the  reference  ve¬ 
locity,  residence  time,  and  loading.  In  addition,  the  fuel  in¬ 
jection  device  was  required  to  operate  with  the  unheated  as 
well  as  super -critically  heated  JP-10  fuel. 

An  innovative  fuel  nozzle  as  shown  in  Figure  21  *ti  used 
in  this  program.  Because  of  the  excess  cooling  air  require¬ 
ment  due  to  high  T3,  and  high  dome  flow  with  attendant 
58.7%  primary  zone  air  flow,  no  dilution  air  was  left  for 
controlling  the  burner  exit  radial  profile.  The  baseline 
combustor  met  or  exceeded  ali  design  requirements  from 
sea-level  static  to  3.5  Mach  number,  90,000  ft  altitude. 

The  engine  exhaust  SAE  smoke  number  was  less  than  10.0. 

An  innovative  combustion  system  (Figure  22)  was  de¬ 
signed  for  the  Generation  6  Build  1  ATEGG  demonstrator 
XTC  16/1.  The  advanced  mulliswirl  fuel  nozzles  when 
combined  with  optimum  dome  swiileri,  and  two  closely 
spaced  rows  of  primary  orifices  gave  excellent  aerothermal 
performance  in  regard  to  high-power  near-stoichiometric 
combustion  efficiency,  liner  wall  temperature  levels  and 
gradient*,  and  maximum  SAE  smoke  number  lest  than 
10.0.  In  spite  of  short  combustor  volume  and  residence 
time  (mean  dia  =  18.72  in.,  L  =  6.62  in.,  H  =  3.72  in.)  and 
high  fffimary  zone  air,  the  engine  ignition  characteristics 
were  excellent,  and  we  achieved  acceptable  lean  blowout 
characteristics  without  requiring  fuel  staging. 


The  first  application  of  the  empirical/analytical  combustor 
design  method  for  a  frill-scale  engine  design  and  develop¬ 
ment  effort  was  for  the  FI  09  turbo  propulsion  engine^4*), 

A  compact  reverse-flow  annular  combustion  system  (Figure 
23)  with  stacked  ring  liner  wall  and  thermal  barrier  coating 
along  with  12  piloted  airblast  nozzles  evolved  based  upon 
a  number  of  3-D  reacting  flow  calculations  and  systematic 
combustor  rig  and  engine  development  effort.  This  small 
combustor  with  0.8  PPS  corrected  inlet  airflow,  3.3%  sys¬ 
tem  pressure  drop,  40%  cooling  air  and  125%  dilution  air 
met  or  exceeded  all  design  objectives  including  start  enve¬ 
lope  to  25,000  ft,  lets  than  0.2  pattern  factor,  0.005  lean 
blowout  fuel/air  ratio  and  1300°  maximum  line*  wall  tem¬ 
perature. 

An  advanced  turbofan  inline  annular  combustor  placed  be¬ 
hind  an  axial-centrifugal  compression  system  was  designed 
by  using  empirical  design  data  base,  2-D  combustor -dif¬ 
fuser  and  3-D  reacting  flow  programs^ 9)  u  shown  in  Fig¬ 
ure  24.  The  placement  of  the  combustor  liner  relative  to 
the  prediffuser  exit  and  the  dome  cowling  design  were  op¬ 
timized  by  a  2-D  combustor -diffuser  interaction  model  sim¬ 
ilar  to  the  technique  used  in  limited-life  turbine  rig  combus¬ 
tor  (Figure  17)  discussed  previously.  The  3-D  combustor 
model  along  with  minimal  combustor  development  testing 
gave  an  optimum  liner  airflow  distribution  as  shown  in 
Figure  24.  The  combustion  system  met  all  design  objec¬ 
tives  15  summarized. 

The  last  and  perhaps  the  most  convincing  illustration  on 
the  application  of  the  empirical/analytical  combustor  de¬ 
sign  methodology  is  by  Roesier,  Mongia  and  Stocker^®). 
Because  of  limited  time  schedule  and  resources,  no  combus¬ 
tion  development  testing  on  the  test  rigs  or  the  engine  was 
planned.  In  other  words,  the  basic  combustion  system  was 
intended  to  meet  all  design  objectives  without  any  hardware 
modifications.  Many  of  the  combustors  discussed  in  this 
section  did  not  require  any  modifications,  and  the  remain¬ 
ing  needed  only  minor  hardware  changes  to  meet  the  re¬ 
quirements.  However,  the  test  rigs  available  for  these 
combustors  were  used  to  investigate  parametric  effects  of 
important  variables.  In  many  cases,  the  testing  in  con¬ 
junction  with  detailed  modeling  efforts  were  conducted  to 
determine  the  limitations  of  the  combustion  concepts  as 
well  as  the  design  methodology.  Typical  examples  for 
these  types  of  activities  are  reported  in  References  2,  37, 
39,  40  and  44. 

The  annular  combustion  system  for  a  low-cost  expandable 
engine  (Model  130)  apritication  (Figure  25)  used  ten  vapor¬ 
ize,'  tubes  for  fuel  injection.  This  engine  is  l  11.6  in.  di 
ameier,  300-lb  thrust  class  turbojet  for  tactical  missile  ap¬ 
plications.  The  engine  was  designed  for  a  maximum  flight 
Mach  number  of  0.8  and  a  peak  altitude  of  10.0CO  ft  along 
with  the  wind-mill  ignition  capability  over  its  operational 
envelope.  The  sngire  is  to  use  JP-10  or  JP  4.  The  sea- 
level  design  condition,  are  lifted  in  Figure  25  along  with 
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combustor  length  (L),  channel  height  (H),  reference  veloc¬ 
ity  (Vr),  residence  time  (t)  and  the  final  design  liner  airflow 
distribution,  which  was  determined  baaed  upon  3-D  model¬ 
ing  that  used  45x21  >25  control  volumes.  Figure  25  also 
shows  predicted  flow  field  including  U-V  velocity  vectors, 
profiles  of  fuel-air  ratios  and  outer  liner  wall  isothermal 
lines.  The  braeline  combustor  met  or  exceeded  all  design 
requirements. 

IV.  LIMITATIONS  OF  EMPIRI¬ 
CAL/ANALYTICAL  DESIGN  METHODOLOGY 
Even  though  the  empirical/analytical  methodology  has 
been  successfully  used  in  Che  design  and  development  pro¬ 
cess  of  22  combustion  systems  described  in  Section  Ill,  and 
CCD  has  provid-'-d  insight  for  a  number  of  production  en¬ 
gine  combustors  (Section  II),  the  baJc  limitations  associ¬ 
ated  with  turbulent  combustion  models  are  primarily  re¬ 
sponsible  for  our  failure  to  make  quantitatively  accurate 
predictions  even  for  an  "average"  fuel  nozzle  combustor 
sector.  Over  the  years,  significant  progress  has  been  made 
in  the  theories  of  turbulent  combustion  and  the  submodels 
of  turbulence,  kinetic,  radiation,  spray,  soot,  etc.  A  num¬ 
ber  of  interesting  and  very  important  observations,  mile¬ 
stones,  and  conclusions  have  been  achieved. 

For  example,  Frenklach,  Wang  and  Rabinowitz^57^  main¬ 
tain  that  "it  is  hard  to  expect  that  a  reaction  mechanism 
composed  from  first  principles  will  possess  the  high  de¬ 
gree  of  numerical  accuracy  required  for  combustion  model¬ 
ing."  The  application  of  their  solution  mapping  method  to 
optimize  the  rale  constants  of  a  detailed  149-step  methane- 
air  combustion  should  be  extended  to  include  NOx  chem¬ 
istry  in  addition  to  other  required  extensions,  e.g.,  higher 
molecular  weight  fuels. 

Similarly,  slot  more  work  needs  to  be  done  in  turbulence, 
radiation,  nozzle  modeling,  spray,  soot  and  radiation  in  ad¬ 
dition  to  advanced  numerics,  body  conforming  grids,  etc., 
to  achieve  a  quantitatively  accurate  turbulent  combustion 
model.  Our  work  on  advanced  numerics(5-l  1),  spray  trans- 
port(12-16,  29),  fue[  nozzle  moucling(17  19),  jet  mjx_ 
ing(20-22)t  twirling  flow*(21.  23-30)  (nd  excellent  re¬ 
search  conducted  by  others  has  convinced  us  that  conven¬ 
tional  second -order  closure  models  might  not  give  us  the 
level  of  accuracy  required  for  making  quantitatively  reliable 
analytical  predictions  for  gas  turbine  combustors. 

The  scalar  and  joint  PDF  transport  models  look  promis¬ 
ing^  1-54)  but  their  application  to  practical  gas  turbine 
combustors  is  design  tools  is  many  years  away. 

Many  of  the  challenging  combustor  performance  character¬ 
istics  (e.g.  pattern  factor,  liner  hot  spots)  cannot  be  mod¬ 
eled  mechanistically.  Similarly,  the  mechanistic  reacting 
flow  models  have  not  provided  definite  guidance  in  carry¬ 
ing  out  the  tradeoffs  between  conflicting  design  require¬ 
ments,  e.g.,  low  smoke  versus  flame  stability  and  relight; 


high-power  NOx  versus  low-power  CO  and  unbum ed  hydro¬ 
carbons. 

Another  area  of  significant  weakness  is  the  fuel  nozzle 
modeling  because  in  many  combustion  development  activi¬ 
ties,  the  lack  of  detailed  information  on  fuel  nozzle  perfor¬ 
mance  (e.g.,  radial  and  circumferential  fuel  distribution)  ctn 
lead  to  serious  design  deficiencies  including  start,  lean 
blowout,  and  hot-streaking. 

The  modeling  of  fuel  nozzle  processes  should  include  the 
filming,  ligament  formation,  primary  and  secondary 
breakup.  The  undesirable  spray  impingement  on  the  nozzle 
shroud  can  adversely  affect  combustor  performance  nnd 
cause  severe  liner  hot  streaks  as  encountered  in  the  Mon- 
metallic  Combustor  (Figure  IS). 

Multidimensional  modeling  attempts  for  radiation, 
gaseous,  arid  smoke  emissions  have  been  less  than 
satisfactory^.  56), 

l'igure  26  is  from  s  smoke-reduction  program  on  a  turbofan 
engine(35).  The  predicted  flowfield  for  the  engine  (base¬ 
line)  combustor  shows  that  the  primary  zone  has  quiescent 
regions  for  flame  stabilization,  and  that  the  primary  jet  air 
is  not  recirculating.  The  predicted  fuel-air  ratio  profiles, 
which  are  not  shown  here,  indicated  the  existence  of  fuel- 
rich  pockets  indicating  the  root  cause  for  high  smoke 
emissions.  By  changing  the  air  flow  distribution,  we  were 
able  to  identify  a  compromise  combustor  configuration 
(identified  as  Mod  V)  wherein  we  could  maintain  selectively 
the  fuel  rich  pockets  (for  flame  stability)  and  simultane¬ 
ously  get  improved  mixing  and  more  agitated  primary  zone 
flow  field  as  shown  in  Figure  23.  Thereiore,  we  intuitively 
expected  Mod  V  to  have  lower  exhaust  smoke  emission 
than  the  baseline.  We  did  not  expect  any  deterioration  in 
the  lean  flame  stability  characteristics.  However,  the  rig 
testing  showed  no  smoke  reduction. 

In  summary,  the  empirical/analytical  method  cannot  be 
easily  extended  to  provide  quantitatively  accurate  results. 
M-chanistic  models  based  on  second-order  closures  are  lim¬ 
ited  in  scope.  Liner  hot  spots,  pattern  factor,  lean  blow¬ 
out,  gaseous,  and  smoke  emissions  cannot  lie  predicted  due 
to  the  inaccuracies  involved  with  the  physico  chemical 
models,  numerics  and  the  specification  of  the  boundary 
conditions. 

V.  HYBRID  ANALYTICAL  DESIGN 
METHODOLOGY 

Prompted  by  the  limitations  of  current  turbulent  combus¬ 
tion  models,  the  lack  of  well-defined  boundary  conditions 
in  engine  combustors,  and  routine  successful  application  of 
simple  correlations  in  combustor  design  and  development 
process,  Rizk  and  Mongia  proposed  a  hybrid  modeling 
technique^'  that  combines  analytical  model  predictions 
with  physically  realistic  macro-volume  expressions  to  es- 
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timate  combustion  efficiency,  Iren  blowout,  pattern  factor, 
wall  temperature,  gaseous  and  smoke  emissions. 

The  usefulness  of  the  hybrid  design  methodology  (when 
fully  calibrated)  over  the  empirical/analytical  design  ap¬ 
proach  can  be  illustrated  by  referring  back  to  the  smoke  re¬ 
duction  program  for  the  Model  S70  engine.  Although  the 
3-D  model  calculations  were  made  during  the  smoke  reduc¬ 
tion  program,  these  could  only  provide  qualitative  guidance 
as  to  how  much  smoke  reduction  the  planned  modification 
would  result  in.  As  shown  previously  in  Figures  1-3,  one 
could  tentatively  infer  from  the  calculations  that  the  final 
low-smoke  configuration  (with  dome  swirlers)  should  pro¬ 
duce  lower  levels  of  exhaust  smoke  than  the  baseline.  The 
hybrid  modeling  (Figure  27)  approach  not  only  gave  good 
agreement  with  measured  smoke  emissions,  it  also  pro¬ 
vided  further  insight  by  identifying  the  regions  of  soot 
formation  and  oxidation.  In  all  four  of  the  modifications 
(namely  Mod  I,  Mod  0,  Mod  ID,  and  the  final  low-smoke 
configuration),  we  predict  significant  reduction  in  the  soot 
formation  rates.  However,  the  difference  between  die  mods 
is  quite  email.  On  the  other  hand,  these  modifications 
show  that  their  soot  oxidation  characteristics  are  quite  dif¬ 
ferent.  Consequently,  the  net  difference  between  soot  for¬ 
mation  and  oxidation  reveals  that  the  low-smoke  final 
combustor  gives  the  lowest  exhaust  SAE  smoke  number  of 
11.0. 

Round  I  activities  were  completed  by  1990  as  described  in 
References  (3,  58  62).  Wc  were  able  to  calibrate  the  hybrid 
modeling  approach  with  measured  data  on  smoke,  pattern 
factor,  lean  blowout  fuel-air  ratio,  gaseous  emissions,  and 
combustion  efficiency  for  ten  different  diffusion  flame 
combustors  by  using  the  macro  volume  expressions  shown 
in  Tsble  2.  Some  limited  model  calibration  was  done  with 
the  measured  liner  wall  temperature  levels.  The  comparison 
between  predictions  and  measurement 60)  as  shown  in 
Figures  28  and  29  is  with  a  fixed  set  of  empirical  constants 
A,  through  Ajq,  which  are  0.0093,  3.85,  15.0,  0.1773. 
0.042,  0.07,  1.71,  1500,  0.0095,  and  98,000.  respec¬ 
tively. 

The  hybrid  modeling  approach  gave  good  agreement  with 
NOx  data  from  rich-quench-lean(61),  Figure  30,  and  lean 
premix/prevap(62)t  Figure  3!,  combustors. 

Tl«e  main  objective  of  Round  2  hybrid  modeling  formula- 
tion/calibration  activities(63-71)  jg  develop  a  self-con¬ 
sistent  set  of  macro- volume  expressions  for  NOx,  CO,  and 
un burned  hydrocarbons  so  that  die  procedure  can  provide 
uniformly  good  agreement  with  data  on  a  numlier  of  gas 
turbine  combustors  of  diffusion,  lean  premix/prevap,  lean 
direct  injection,  and  rich-lean  combustion  types.  Typical 
example  for  diffusion  flame  type  combustors  is  shown  in 
Figure  32. 

The  calibration  of  the  Round  2  'hybrid  modeling  approach 
is  essentially  complete.  Its  application  in  the  design  and 


development  testing  of  ultra  low  NO.  combustors  is 
planned  for  the  middle  of  1993. 

The  Round  3  hybrid  modeling  effort  will  incorporate  im¬ 
proved  expreasiona  for  jet  mixing,  liner  cooling,  smoke 
formation/oxidation,  and  hybrid  nozrie  modeK'2-75), 

VI.  SUMMARY 

The  empirical/analytical  combustor  design  approach  of 
Mongia  and  co-workers  has  beer,  successfully  applied  to  22 
gas  turbine  combustors  and  one  small  turbine  augmentor. 
Its  limitations  for  providing  quantitative  design  guidance 
are  due  to  the  inaccuracies  of  the  state-of-the-art  turbulent 
combustion  models,  numerics,  grid  resolution  and  bound¬ 
ary  conditions.  Next  generation  turbulent  combustion 
modelt(3l-54)  ue  expected  to  give  improved  predictive 
capability. 

Hybrid  analytical  design  methodology  of  Rizk  and  Mon- 
gia(3,  58-71)  has  been  calibrated  with  an  existing  combus¬ 
tor  design  data  base.  This  technique  is  expected  to  provide 
quantitatively  accurate  estimates  of  combustion  efficiency, 
lean  blcwout,  pattern  factor,  wall  temperatures,  gaseous 
and  smoke  emissions. 
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Figure  1 .  Effect  of  dome  design  on  fuel/air  ratio 
distribution. 
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Figure  2.  Influence  of  dome  swirler  on  gas  temperature 
pattern,  K. 
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Figure  3.  Kinetic  energy  ot  turbulence  pattern  for  both 
combustor  designs,  m2s2. 
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L  -  4.27  in.  HRR  -  6.0  MBTU/1t3-hr-atm 

Wa3  1  -  2.7PPS  P3  »  147  psia  T3  -  665°F 

Wc  -  0.397  PP3  F/A  -  0.0268  T4  -  2300°F 

Figure  4.  Two  small  annular  combustors  met  program 
goals  with  one  modification. 


AT  -  2200°F  T4  -  2850°F 
LBO  F/A  <  0.005  T^al!,  rnax  ~  1 600°F 

Figure  5.  Army  Design  Criteria  Concept  I  modified  for 
2200°F  DT  gave  good  aerothermal  performance. 


Table  I. 


Cooling  air ,  %  Wa 
Dilution  air ,  %  Wa 
Pressure  drop,  %  P3 
Pattern  factor 
Idle  efficiency 
Lean  blowout 
SAE  smoke  No. 

Max  wall  temp,  °F 
Cooling  flux,  PPS/ln .2 


51. OS 

25.01 

13.65 

21.14 

2.5 

1.7 

0.17 

0.22 

98.08 

99.57 

0.003 

0.003 

0 

8.5 

1425 

1600 

0.0052 

0.003 

1212 


TTE  731  2  Ofiflin*  comb  NASA  Tl  concept  3 


W«i  -  29  5  PPS  P3  -  200  psi  T3  -  743  'F 
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ID  -  10  43  in.  L  r  7.2  m 
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Figure  6.  NASA  Tl  Concept  3  fuel-staging  concept. 


T3  ■  -40  to  1 100°F 
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Wc  -  1 .03  PPS  T4  =  2200°F 

OD®  14.16  in.  H  =  1.69  in.  L  =  4.5  in. 

Figure  7.  DARPA/NAVSEA  reverse-flow  annular 
ceramic  rig  combustor  designed  for  “uniform"  wall 
temperature  levels  and  soft  ignition. 


Max  temp  rise  *  2400°F 
Max  to  min  fuel  flow  rate  -  1600 
Max  to  min  F/A  ratio  -  20 
Corrected  reference  velocity  »  1  6-3600  fps 
Minimum  wind-mill  ignition  P3  ®  2.0  psi 
Primary  zone  air  =  74.2%  w /  VG  open 
=  1 1 .8%  w/  VG  closed 

Figure  8.  AF  variable  geometry  reverse-flow  annular 
combustor  designed  for  high-altitude  ignition  and 
enhanced  stability. 
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Figure  9,  AF  segmented  ceramic  annular  combustor 
designed  for  soft  ignition  and  uniform  wall  temperature 
levels. 


Figure  11.  Variable  geometry  regenerative  automatic 
gas  turbine  combustor  can  be  designed  with  98% 
reduction  in  NOx  emission. 


Figure  12.  AF  small  turbine  engine  augmentor  designed 
with  empirical/analytical  methodology  met  all 
aerothermal  performance  goals. 


Figure  1 3.  A  reverse-flow  annular  combustor  designed 
with  Lamilloy  cooling  scheme. 
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Figure  14.  Effusion  cooled  reverse  flow  annular 
cornbustor,  dimensions,  and  design  conditions  as  given 
in  Figure  13. 


SHORT  REVERSE  FLOW  UNER 
<UH  .  1  8)  WITH  EFFICIENT  TBC 
EFFUSION  COOLING 


SIMPLEX  PURE  AIRBLAST  NOZZLE 
WITH  CONCENTRIC  SWIRLERS 


OD=13,6in.  L»  3.19  in.  H=  1.98  in.  P3  =  367psi 

Wa3  i  -  10  PPS  T3  -  1000°F  T4  =  3000°F 

Total  cooling  air  =  38.3%  PF  =  0.12  (with  depressed  T3) 


Figure  16  Army  low  pattern  factor  reverse  flow 
combustor. 
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Figure  18.  AF  nonmetallic  combustor. 
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Figure  21 .  AF  ETEC  combustor  burned  supercritically 
heated  JP-10  fuel;  combustor  liner  dimensions  identical 
to  Figure  17. 
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Figure  23.  First  application  of  empirical/analytical 
methodology  for  reverse  flow  annular  combustor  of  a 
tuibopropulsion  engine. 


Figure  24.  First  application  of  empirical/analytical 
methodology  to  inline  annular  combustor  of  a  turbofan 
engine. 
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Engine  diameter  =  11 .6  in.  L  =  4.5m  H=  1.74  in. 
P3  =  83  3  psi  T3  =  490"F  F/A  =  0  0254  Vr  =  74  fps 
t  =  7  ms  10  vaporizer  tubes  inject  JP-4  or  JP-10 

Figure  25.  Baseline  combustor  met  or  exceeded  all 
requirements  of  Model  150  engine. 


BASELINE  MOO  5 


100  H/S1C  IDO  W/SiC  IC> 


Figure  26.  Mechanistic  flow  concentrations  can  mislead 
on  smoke-reduction  potential 


Figure  27.  Good  comparison  between  measured  and 
hybrid  modeling  smoke  predictions 
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Figure  28.  Hybrid  modeling  calibrated  with  ten  different 
combustors. 


Figure  29.  Comparison  between  predicted  and 
measured  wall  temperatures. 
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Figure  30.  Hybrid  modeling  calibrated  with  a  rich- 
quench-lean  combustor. 


Table  2 


2-18 


»  f  m„T„-0'«l23T 


Pij  [  V(1  -  mev  /  mp)T“  ' 


lijk 


UHC<g/kg) 


_nlAm£Te^0025T 
V(1  -mev  /  mrJT®5 


lijk 


MOx(g/kg;  =  A3P325 


Sp(mg  /  kg)  =  A4P3O8  -  H)1S 


(F  /  Alma 
TmAT®-25 


lijk 


S0(mg/kg)  =  A5- 


fF/ A 

1 

ye0.00117  ‘ 

l  T 

mA(F/A) 

oa-H)1-5 


ijk 


nc  ~  Tlr^ev'lmix 


0  00  0  05  0  '0  0  '5  0  20 


AXIAL  DISTANCE,  rr> 


Figure  31 .  Hybrid  modeling  calibrated  with  a 
premix/prevaporized  regenerative  cycle  combustor. 
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Figure  32.  Hybrid  modeling  based  on  comprehensive 
kinetic  scheme  is  being  calibrated  with  diffusion  flame, 
lean  PM/PV  and  rich-lean  combustion  systems. 
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1.  SUMMARY 

A  typical  small  gas  turbine  combustor  is  modelled  using 
CFD  and  the  numerical  results  compared  with  LDV 
measured  data.  The  predicted  flow'  characteristics  are  in 
excellent  agreement  with  the  measurements.  Some  aspects 
of  CFD  application  in  combustor  design  am  discussed. 
CFD  can  he  used  as  „  too!  in  studying  the  flowfield 
development,  in  the  optimization  of  locution,  size  and 
quantity  of  flow  devices,  in  monitoring  (low 
performances  and  in  correlating  important  design 
parameters.  Use  of  CFD  can  significantly  reduce  lapse 
time  and  development  cost  of  gas  turbine  combustors. 

2.  INTRODUCTION 

Gas  turb.ne  combustor  design  has  historically  depended 
on  the  use  of  empirical  correlations  and  trial  and  error 
approaches  The  time  and  cost  involved  in  the 
development  of  gas  turbine  components  in  this  traditional 
way  is  considerable.  Laser  diagnostic  techniques  allowing 
detailed  and  simultaneous  measurements  of  important 
flow  properties  in  complex  flows  have  become  possible, 
and  have  encouraged  the  collection  of  benchmark  quality 
database  available  for  combustor  designs,  and  for 
calibration  of  numerical  analysis  tools.  Recent  advances 
in  combustor  technology  enabled  numerical  simulation  of 
complex  flowfields  of  the  type  seen  typically  in  gas 
turbine  combustors. 

CompuUitional  fluid  dynamic  (CFD)  is  showing  great 
potential  as  a  design  tool  for  combustion  systems. 
Advances  in  computers  allow  the  use  of  detailed 
numerical  algorithms  and  physical  models  for  more 
accurate  predictions  of  complex  flows.  The  recent  global 
demand  for  reduced  pollutant  emissions  and  improved 
fuel  efficiency  have  made  the  design  of  combustion 
sysiem  very  challenging.  A  design  tool  that  can  predict 
the  liowfielJ  and  be  used  for  optimization  of  the  design 
becomes  essential. 

Experimental  measurements  of  How  properties  in  real 
combusto,  geometries  have  been  very  limited.  This  is 
mainly  due  to  the  highly  hostile  environment  and  the 
difficulties  of  accessing  the  complex  flowfield  with 
diagnostic  probes  or  optical  instrumentation,  however, 
CFD  can  be  used  to  simulate  the  combustor  geometry  and 
flowfield.  The  numerical  solution  can  provide  detail 
information  of  all  flow  properties  being  modelled  across 
the  entire  flowfield,  whereas  expet imental  measurements 
can  only  provide  flow  properties  being  measured  in  the 
region  of  the  flowfield  where  a  lest  is  performed. 

Because  of  the  limitations  of  experimental  measurements, 
validated  CFD  codes  become  the  prime  choice  of  design 
tools  for  the  analysis  of  a  complex  combustor  flowfield. 


The  complex  flowfield  in  an  annular  combustor  is 
typically  three-dimensional,  turbulent,  recirculating, 
chemically  reacting,  and  confined  by  complicated  louvre 
and  liner  geometries.  Very  limited  experimental  data  is 
available  on  real  combustor  geometries  as  reviewed 
recendy  by  Heitor  1 1 1  and  as  such,  Pratt  &  Whitney 
Canada  Inc.  (PWC)  initiated  a  joint  research  program 
with  the  University  of  Toronto,  Institute  for  Aerospace 
Studies  (UTIAS)  to  investigate  the  complex  flowfield  of  a 
practical  combustor  of  current  design. 

The  present  paper  shows  the  prediction  capability  of  CFD 
for  combustion  systems  by  comparing  numerical  solutions 
with  measurements  which  employed  advanced 
nonintrusive  diagnostic  techniques.  Some  examples  of 
CFD  application  to  combustion  system  design  are  also 
illustrated. 

3.  SECTOR  COMBUSTOR  MEASUREMENTS 

The  experimental  data  used  for  comparison  of  CFD 
results  was  measured  by  Hu  et  al.  [2,3|  using  laser 
Doppler  velocimetry  (LDV).  These  measurements  were 
obtained  from  a  straightened  90"  sector  of  a 
toroidal-vortex  reverse-flow  annular  combustor  of  Pratt  & 
Whitney  Canada  PW209  engine.  The  sector  combustor 
investigated  represents  a  three  nozzle  combustor  segment. 
The  cross-section  of  the  sector  combustor  is  shown  in 
Fig,  I.  There  were  a  total  of  3  different  sets  of  jets  and 
nine  sets  of  wall  louvres.  Two  inclined  side  quart/ 
windows  were  mounted  flush  to  the  combustor  ends  to 
simulate  the  flow  volume  of  a  quarter  of  a  full 
combustor.  They  also  allowed  optical  access  to  the 
combustor  flowfield  for  LDV.  in  both  the  cold  and  hot 
flow  experiments,  only  one  of  the  three  fuel  nozzle 
positions  was  used.  A  Parker-Hannifin  pure  air-blast  lue! 
nozzle  was  mounted  at  the  centerline  of  the  sector.  The 
experiments  were  conducted  at  a  constant  204  nm  (X 
inches)  of  water  differentia1  pressure  drop  across  the 
combustor  in  ambient  conditions  representing  normal 
combustor  operating  condition  (U,  simulation). 

Commercial  grade  methane  gas  of  96'2  purity  was 
employed  as  fuel.  A  lean  fuel-air  ratio  of  0.004  was  used 
for  the  test  to  avoid  the  flame  f  uni  scavenging  the  side 
quarlz  windows. 

The  u  and  v  components  of  the  mean  velocity  and  the 
corresponding  turbulence  intensities  u’\  v’1  and  uV  were 
mapped  in  detail  for  cold  and  hoi  flows  with  a 
two-component  argon-ion  laser  Doppler  velocimeter 
operated  in  dual-beam  forward  scatter  mode. 
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4.  NUMERICAL  SIMULATION 

The  numerical  simulation  of  the  eomhuxtor  described  he.e 
was  initiated  following  the  experimental  measuioments  to 
validate  the  prediction  of  the  Cf-'D  code  and  its 
applicability  ax  u  design  toni  for  combustion  systems. 

A  mesh  system  comprising  53  x  22  x  130  grid  lines  t.151 
5K0  grid  points  in  total)  along  the  axial,  radial  and 
tangential  directions  was  generated  for  the  sector 
geometry. 

The  number  of  grid  points  used  was  kept  to  this  size  so 
that  a  quick  ium  around  was  possible  with  a  workstation. 
Several  views  of  the  grid  system  are  illustrated  in  Fig.  2. 
The  model  contained  13  and  14  circular  dilution  jet  holes 
on  the  outer  and  inner  liners,  respectively  Each  of  these 
circular  holes  was  represented  by  a  4  x  6  grid  mesh. 

There  were  also  21  circular  primary  jet  holes  on  the  inner 
liner  in  the  primary  zone. Because  of  the  large  number  of 
these  primary  jets,  each  of  them  was  only  represented  by 
a  4  x  4  grid  mesh.  There  were  7  and  4  film  cooling  slots 
on  the  outer  and  inner  liners,  respectively.  Each  slot  was 
represented  by  4  grid  lines,  of  which  3  were  for  the  slot 
opening.  A  5  x  12  grid  mesh  was  used  to  model  the 
injector  inlet  which  had  the  effective  How  area  of  the 
actual  hardware.  The  igniter  mounted  on  the  front  uotne 
was  not  simulated  since  its  influence  on  the  flowfield  was 
minimum,  as  observed  in  the  I.DV  measurements. 

Boundary  conditions  for  the  CFO  runs  were  provided  in 
the  following  fashion.  The  air  mass  (low  rate  through  the 
inlet  slots  and  jet  orifices  were  computed  using  a 
one-dimensional  How  distribution  program  by  iterating 
the  How  splits  until  the  specified  pressure  drop  across  the 
combuslo,  was  achieved.  Fuel  injection  at  the  fuel  nozzle 
was  assumed  to  be  premixed  and  the  methane  gas  mass 
flow  rate  used  was  based  on  actual  test  data.  The  cold 
and  hot  Hows  were  computed  using  the  TASCflow  |4| 
Navier-Stokes  fluid  How  prediction  software,  Version  2.1. 
on  an  IBivI  RS6000  workstation. 

5.  NUMERICAL  RESULTS  AND  COMPARISONS 

hi  the  cold  How  experiment,  only  the  centerline  plane  of 
the  combustor  was  mapped.  The  measured  velocity 
vectors  are  shown  ir.  Fig.  3.  In  general,  the  characteristics 
of  this  complex  flowfield  are  well  predicted.  The 
computed  end  flow  velocity  vectors  are  shown  ist  Fig.  4 
In  the  primary  /one,  the  primary  vortex  is  found  above 
the  fuel  jet  as  a  weak  vtviital  How  near  the  outer  liner 
and  the  front  dome.  The  fuel  jet  is  injected  into  the  How 
domain  with  a  small  cone  and  swiil  as  shown  by  the 
velocity  vector  at  the  fuel  nozzle  exit  face.  The 
entrainment  of  the  surrounding  flow  into  the  fuel  jet  is 
clearly  seen  around  this  jet  inlet.  The  dominant  feature  is 
the  high  momentum  fuel  jet  penetrating  right  across  the 
primary  zone  at  a  trajectory  of  45"  to  the  axial  direction 
and  striking  the  inner  liner  of  the  front  dome.  This 
splashing  of  the  fuel  jet  on  the  front  dome  creates  a  small 
-uriing  up  of  the  flow  towards  the  front  dome  louvre.  A 
strong  sidewash  in  the  tangential  directions,  and  a  vortex 
which  extracts  energy  from  the  film  cooling  louvre  How 
adjacent  to  the  inner  liner  wall  and  the  near  vertical 
primary  jets  are  also  created.  The  low  pressure  created  by 
the  high  momentum  fuel  jet  attracts  the  primary  jets  to 
How  upward  towards  the  nozzle.  Consequently,  a  large 
secondary  recirculating  How  is  formed.  The  predicted 


primary  jet  is  found  not  spreading  downstream  as  much 
as  in  the  measurement.  This  is  most  likely  due  to  the 
undcrprcdiciion  of  the  turbulence  viscosity  hv  the 
turbulence  model.  Less  How  from  the  primary  zone  is 
seen  entering  the  secondary  /one  in  this  plane.  The 
crossflow  and  entrainment  of  the  surrounding  How  into 
the  high  momentum  outer  dilution  jet  ape  also  observed. 
This  dilution  jet  penetrates  across  the  How  domain  and 
sploshes  onto  the  inner  liner  A  wake  just  downstream  o'' 
the  diiution  j>-t  is  predicted,  hut  the  measurement 
indicated  that  the  dilution  jet  diffuses  faster  and  the 
interaction  of  the  two  sets  of  opposing  staggered  dilution 
jets  is  stronger  than  predicted.  Tne  slight  differences  in 
the  secondary  zone  are  largely  due  to  the  diffusion  rate  of 
the  free  jets,  which  may  be  caused  hy  ihe  underpredictinn 
of  the  turbulence  parameters  in  the  k-e  turbulence  model 
and  the  lack  of  refinement  of  the  grid  around  the  dilution 
jets. 

The  eor.tour  of  ihe  velocity  magnitude  of  u  and  v  in  the 
centerline  plane  as  measured  and  computed  for  the  cold 
How  are  shown  in  Fig.  5  and  6,  respectively.  A  film 
cooling  How  of  less  than  10  m/s  is  seen  along  the  liner  in 
the  front  dome.  Toward  the  primary  vortex,  the  velocity 
magnitude  drops  to  just  a  few  meters  per  second.  The 
dominating  feature  in  the  primary  zone  is  the  fuel  jet. 

The  core  velocity  of  tnls  jet  is  seen  decaying  quite 
rapidly  as  it  cuts  across  the  combustor  and  splashes  on 
the  bottom  liner  with  velocities  of  less  than  i!)  m/s.  The 
spread  of  the  fur j  jet  near  the  nozzle  exit  towards  the 
front  dome  is  more  pronounced  in  the  measurement.  The 
minimum  velocity  magnitude  between  the  interaction  of 
the  fuel  jet  and  the  primary  jet  is  predicted  slightly  higher 
in  magnitude  and  in  radial  location,  The  spread  of  the 
primary  jet  is  seen  as  very  limited.  Hence  the  velocity 
magnitude  in  the  primary  jet  and  the  secondary 
recirculation  /.one  are  not  quite  as  well  predicted.  The 
outer  dilution  jet  is  seen  decaying  slowly  along  its 
trajectory  from  the  outer  liner  to  the  inner  liner.  Because 
these  dilution  jets  are  also  underpredicted  in  their 
diffusion  rale,  the  interaction  between  the  two  sets  of 
opposing  dilution  jets  are  not  obvious  in  this  plane. 

In  the  hot  How  experiment,  three  planes  were  measured. 
The  measured  velocity  vector  plot  of  the  hot  flow 
experiment  at  the  centerline  plane  is  shown  in  Fig.  7.  The 
computed  velocity  plot  at  the  centerline  plane  is  shown  in 
Fig.  8.  In  the  measured  data,  the  center  of  the  primary 
vortex  is  much  heller  defined  a.id  it  is  located  closer  to 
the  front  Jor.ie  and  the  outer  liner  than  in  the  cold  How. 
This  same  flow  behaviour  is  also  found  in  the  predicted 
results,  m  wake  flow  on  the  upstream  of  in?  fuel  nozzle 
is  predicted  though  this  it;  not  found  in  the  measurement. 
This  may  be  due  to  the  fuel  jet  and  the  primary  jet  both 
ditfusing  at  a  slower  rate  than  in  reality,  and  tl:us  a  large 
wake  region  is  created  on  the  front  lace  of  the  fuel  nozzle 
as  the  primary  jet  flows  across  the  nozzle  body  and  the 
fuel  jet  entrains  the  surrounding  How  into  the  jet.  In 
comparison  with  the  cold  How.  the  fuel  jet  penetrates 
across  the  primary  zone  with  higher  momentum  end 
splashes  onto  the  front  dome  inner  liner  with  higher 
velocity.  The  curling  up  of  the  fuel  jet  towards  the  front 
dome  louvre  is  much  stronger.  The  roll  up  of  the  fuel  jet 
on  the  inner  liner  is  also  found  much  stronger  with  the 
center  lying  closer  to  the  liner  wall.  The  primary  jet  is 
predicted  to  have  diffused  more  than  in  the  cold  How. 
Hence  the  secondary  recirculation  is  much  better 
predicted  More  of  the  primary  jet  flow  is  seen  going 


down,-  beam  toward  the  dilution  /one.  i  tie  flow  reverxul 
observed  downstream  of  ihc  outer  diluiion  jet  Is  a 
combination  of  the  wave  How  and  the,  interaction  of  the 
outei  and  inner  dilution  jets.  The  How  inteiuction 
between  the  two  sets  of  opposing  staggered  dilution  jets 
is  found  at  a  higher  radial  locution  than  in  the  measured 
data.  This  muy  he  due  to  the  coarseness  of  the  grids  in 
die  dilution  zone  which  does  not  allow  the  detail  of  the 
flow  to  he  resolved  properly. 

The  second  plane  measured  for  the  hot  flow  is  at  the 
edge  of  the  fuel  no/./le  body,  which  is  ().0t)7m  away  from 
ihc  centerline.  The  measured  veloeiiy  vector  plot  and  the 
corresponding  computed  velocity  vector  are  shown  in 
Pigs,  y  and  10.  respectively.  The  primary  vortex  is 
similar  to  that  of  the  centerline  plane  with  the  center 
close  to  the  outer  liner  and  the  front  dome.  The  spray 
cone  of  the  fuel  nozzle  is  seen  merging  into  this  plane 
slightly  below  the  outer  liner  in  the  primary  zone.  This 
fuel  jet  end  the  voi rices  it  creates  from  splashing  onto  the 
front  dome  inner  liner  are  still  the  dominating  features  in 
the  primary  zone.  The  roll  up  of  the  fuel  jet  vortex 
towards  the  front  dome  is  not  quite  clearly  defined  in  the 
predicted  flow.  This  may  he  due  to  the  coarseness  of  the 
grid  in  that  region,  and  the  wall  function  may  not  be 
appropriate  for  jet  impingement  on  the  wall  type  of  flow 
prediction.  The  LDV  data  in  the  centerline  plane 
indicated  that  the  impinging  flow  is  tripped  hy  the 
incoming  flow  of  the  dome  louvre  and  curled  up  into  a 
vortex  with  the  primary  vortex  strengthening  it.  The 
vortex  on  the  downstream  of  the  fuel  jet  is  very  well 
predicted.  This  is  because  this  vortex  is  being  driven  by 
three  flows,  namely  the  tut.)  jet,  the  film  cooling  louvre 
flow  and  the  primary  jet  flow.  The  primary  jet  flow  that 
reaches  the  outer  liner  and  then  turns  toward  the 
front-end  is  not  seen  in  the  measurement.  This  may  be 
attributed  to  the  same  amount  of  mass  flow  specified  to 
all  of  the  primary  jet  holes  at  the  boundary.  But  in  the 
actual  flow,  less  mass  goes  through  the  hole  in  regions 
where,  the  gas  temperature  is  high  due  to  combustion.  The 
primary  jet  flow  that  reaches  the  dilution  zone  close  to 
the  outer  liner  and  the  secondary  recirculation  zone  that 
was  generated  in  its  wake  are  very  well  predicted.  The 
penetration,  the  spreading  and  the  wake  region  of  the 
inner  dilution  jet  are  also  in  very  good  agreement  with 
the  measured  data.  The  infraction  of  the  two  sets  of 
opposing  dilution  jets  in  this  section  is  not  obvious  in  the 
predicted  flow. 

The  third  plane  measured  in  the  hot  flow  is  0.04  m  away 
from  the  centerline  plane.  Figure  1 1  shows  the  measured 
velocity  vector  in  this  plane  and  the  predicted  velocity 
vector  plot  in  Fig.  12.  Because  this  plane  is  located  far 
away  from  the  fuel  injector,  the  entire  flow  picture 
appears  significantly  different  from  the  two  previous 
.actions.  The  fuel  jet  and  its  affiliated  roll  up  vortices 
nave  completely  disappeared  from  the  primary  zone.  The 
dominating  feature  hete  is  the  primaty  vortex  which  has 
increased  in  size  from  ihe  centerline  plane  to  this  plane. 
The  center  of  this  primary  vortex  is  predicted  further 
away  Irom  the  front  dome  than  in  the  measured  data.  Part 
of  the  flow  in  the  primary  zone  recirculated  back  into  the 
front  dome  and  the  rest  flowed  ir.to  the  dilution  zone. 

Sven  though  no  primary  jet  inlet  exists  in  this  plane,  the 
influence  of  primary  jet  flow  from  the  neighbouring  plane 
is  seen  here.  It  is  bent  over  by  the  oncoming  flow  from 
the  primary  vortex.  The  secondary  recirculation  zone  has 
decreased  drastically  in  size  in  the  measured  data  and  the 


predicted  flow  shows  the  same  characteristic  downstream 
of  the  primary  jot.  The  inner  dilution  jet  is  seen 
penetrating  halfway  across  the  combustor  and  then 
turning  downsireum  approaching  the  exhaust.  Lower 
vel(, city  flow  in  the  wake  of  the  inner  diluiion  jel  is  well 
predicted.  Flow  from  the  primary  zone  is  seen  pushed  by 
the  inner  dilution  jet  toward  the  outer  liner  before  leaving 
the  dilution  zone  in  this  plane. 

Overall,  the  computer  code  has  predicted  all  of  the  flow 
characteristics  of  a  complex  flowfield  inside  a  real 
practical  combustor  reasonably  well.  Although  the  k-e 
turbulence  model  does  not  predict  exactly  the  turbulence 
quantities  in  parts  of  the  flow  and  underestimates  the 
diffusion  rale  of  free  jets,  it  does  help  provide  physically 
realistic  flow  characteristics  and  velocities.  Because  the 
computed  results  provide  valuable  detailed  flow 
parameters  of  the  flowfield,  they  allow  an  insight  into  the 
physics  of  the  flow.  In  practical  usage,  CFD  can  he 
employed  for  parametric  studies  and  optimization  of  a 
particular  flow  feature  and  has  become  a  valuable  toot  at 
PWC  for  the  design  of  combustors. 

6.  OTHER  APPLICATIONS  OF  CFD  IN 
COMBUSTOR  DESIGN  &  DEVELOPMENT 

The  advent  of  3D  CFD  into  industrial  design  has  opened 
several  new  application  possibilities  The  previous 
example  has  reaffirmed  that  CFD,  even  in  its  crudest 
coarse  mesh  form,  is  capable  of  describing  the  physics  of 
flow  with  fairly  good  accuracy.  This  is  especially 
remarkable  when  compared  lo  how  those  descriptions 
were  expressed  when  CFD  was  not  so  readily  available 
just  a  few  years  ago.  When  asked  the  appropriate 
questions,  CFD  can  reveal  a  wealth  of  information  and 
can  confirm  or  deny  a  variety  of  notions  regarding  the 
nature  of  a  specific  flow  configuration,  li  is  useful  for 
estimating  pressure  losses  in  a  wide  range  of  unusual 
regions  as  well  as  those  which  are  physically  difficult  to 
access;  it  car.  provide  heat  transfer  correlations  for 
geometries  not  found  in  any  literature;  it  is  useful  as  a 
diagnostic  tool  in  explaining  unusual  data,  investigating 
the  feasibility  of  certain  flow  devices  or  modifications  to 
hardware;  and  it  is  most  useful  for  exploring  scaling  laws 
under  a  variety  of  physical  conditions  which  would  not 
be  realistically  attainable  through  experimental 
techniques.  A  major  asset  is  its  power  to  provide  insight 
into  the  physics  of  a  given  practical  situation  though 
visualization  of  the  phenomena  in  question.  This  is 
particularly  U  ue  in  the  field  of  combustor  design,  where 
many  options  and  solutions  are  available  to  the  designer. 

One  of  the  main  concerns  in  combustor  design  is  the 
component  durability  in  the  hot-end  of  the  engine. 
Advancements  in  material  technology  have  allowed 
engmes  to  operate  at  higher  pressure  ratios  and 
temperatures.  Properly  controlled  exit  temperature  profile 
of  the  combustor  is  vital  to  the  life  of  turbine  vanes, 
blades  and  disks  of  the  turbine.  Traditional  way  of 
tailoring  the  Temperature  Distribution  Factor  (TDF)  by 
trail  and  error  involves  high  cost  arid  long  development 
time. 

Temperature  prediction  by  combustion  models  has  lagged 
other  parameters  due  to  the  simplified  models  of  the 
turbulence  quantities  and  the  dependency  of  the  chemical 
reaction  rates  on  such  parameters.  However,  CFD  can 
play  a  very  useful  role  in  combustor  development.  Every 


How  device  in  u  combustor  can  be  traced  with  a 
non-reactive  scalar.  By  tracking  the  flow  paths  and 
concentrations  of  such  scalars,  the  mechanisms  of  their 
mixing  and  degree  of  mixedness  can  he  studied.  In  the 
sector  combustor  CFD  discussed  above,  a  dye  is  injected 
into  each  louvre  and  jet  with  a  concentration  value  of  one 
at  the  inlet,  It  is  expected  that  the  film  cooling  provided 
by  the  louvres  in  the  front-end  is  already  well  mixed  by 
the  lime  it  reaches  the  exhaust  plane  of  the  sector 
combustor.  This  is  illustrated  by  the  contour  of  the  dye 
concentration  from  the  front  dome  louvre  in  Fig.  1.1(a). 
The  concentration  of  this  louvre  flow  has  typically  mixed 
to  below  0.07  in  the  center  region  of  the  exhaust  plane. 
Higher  concentrations  on  both  sides  are  due  to  the  wall 
effect  of  the  liners  and  side  windows.  Because  of  a 
tangential  thumbnail  louvre  on  the  outer  liner,  the  flow  is 
not  symmetiical.  At  the  same  exhaust  plane,  'he  outer 
dilution  jets  have  shown  a  much  higher  concentration  of 
ahoul  0.10  to  (1.26  in  the  center  region  as  shown  in  Fig. 
13(h).  This  is  due  to  the  high  macs  flow  rate  from  the 
outer  di'ution  jets,  and  the  jets  have  not  yet  fully  mixed 
with  the  surrounding  (low.  Feasibility  and  optimization  of 
these  flow  devices  in  terms  of  their  locations,  sizes,  and 
quantities  can  be  accessed  through  parametric  studies  and 
by  monitoring  their  changes  in  terms  of  their 
concentration  at  a  fixed  reference  plane. 

An  example  of  using  scalar  concentration  to  optimize 
combustor  flow  is  the  positioning  and  sizing  of  the 
primary  and  dilution  jets  in  ihe  combustor  where  the  fuel 
nozzles  are  located  at  the  ton  corner  of  the  front  dome. 

The  interaction  of  the  fuel  jet  with  die  primary  jets  and 
the  two  sets  of  opposing  dilution  jets  was  investigated 
with  the  simulation  of  a  typical  sector  of  the  combustor 
using  CFD.  'Ihe  solution  indicated  that  a  streak  from  the 
fuel  jet  escapes  from  the  primary  zone  by  means  of  the 
primary  jets,  as  shown  in  Fig.  14.  and  not  thi.iugh  the 
gap  in  between  ’he  primary  jets  as  one  might  suspect.  As 
a  portion  n  the  fuel  finds  its  way  to  the  jets  inside  the 
primary  vortex,  the  lifting  effect  of  these  primary  jets 
drags  the  fuel  up  towards  the  outer  liner  and  out  of  the 
primary  zone.  Thc  number  of  •'rimary  jet  holes  and  the 
mass  How  rate  through  them  can  determini*  how  the  fuel 
streaks  out  of  the  primary  zone.  I  he  placement  of  the 
outer  and  inner  dilution  jets  is  also  cucial  in  the  breaking 
tip  of  such  streaks  before  they  reach  the  exhaust  duct, 
which  if  not  properly  dealt  with  would  appear  as  hot 
spots  in  the  TDF.  The  final  optini'/cd  configuration  nad 
the  fuel  nozzle  aligned  with  one  of  he  primary  jets  and 
one  of  the  dilution  jets  with  the  two  opposing  dilution 
jets  staggered  in  order  lo  minimize  the  extend  of  the  fuel 
streak. 

Another  application  of  CFD  in  combustion  systems  is  ihe 
study  of  the  interaction  between  the  diffuse!  pipes  and  the 
lucl  nozzles,  when  the  number  of  diffuser  pipes  is  not  a 
multiple  ol  the  number  of  fuel  nozzles.  A  sector  ol  such 
a  combustor  outer  annulus  was  modelled  from  tin1  root  of 
the  diffuser  pipe  to  the  beginning  ol  the  small  entry  duct. 
The  mesh  system  consisted  ol  an  oulerannulus  with  a 
common  plenum  attached  to  the  ba.se  of  the  fuel  nozzles. 

-\n  isomeuic  view  ol  the  mesh  for  the  three  diffuser 
pipes  and  the  two  ,ucl  r.ozzles  modelled  are  shown  in 
Fig.  15  The  oulei  annulus  flow  was  enclosed  hy  the  gas 
generator  ease  on  the  larger  radius  and  the  combustor 
outer  liner  on  the  small  radius.  I  he  ex.:  pressure  profile 
and  direction  o|  a  diffuser  pipe  measured  in  rig  tests  was 
converted  to  velocity  profile  and  was  given  as  the  inlet 


boundary  condition  at  thc  exit  plane  of  these  three 
diffuser  p.ipes.  The  sheath  and  window  of  the  fuel 
nozzles,  and  the  nozzle  boss  were  modelled  precisely. 

The  stem  of  ihe  fuel  nozzles  was  omitted  in  the  model. 

At  the  base  of  each  fuel  nozzle,  the  flow  area  decreased 
gradually  down  to  its  effective  exit  flow  area.  It  was  then 
attached  to  a  plenum  for  the  simulation  ot  the  air  flow 
through  the  fuel  nozzles. 

A  section  of  the  computed  velocity  field  is  shown  in  Fig. 
16.  Diffuser  pipes  normally  produce  an  exit  velocity 
profile  with  two  counter-rotating  vortices  on  both  sides  of 
the  pipe,  leaving  a  low  velocity  zone  near  ihe  center,  lo 
this  figure,  as  viewed  from  the  top,  high  exit  velocity  is 
seen  skewed  to  both  sides  and  low  velocity  is  seen  at  the 
center  of  the  pipe.  The  fuel  nozzle  on  the  left  is  located 
midway  between  two  diffuser  pipes,  whereas  the  fuel 
nozzle  on  the  right  is  located  near  the  center  of  a  diffuser 
pipe.  Due  to  the  nonuniform  exit  pressure  profile  of  the 
diffuser  pipes  and  the  relative  location  of  these  diffuser 
pipes  with  the  fuel  nozzles,  4.2%  more  of  the  total  fuel 
nozzle  air  mass  flow  goes  through  the  left  fuel  nozzle. 
Moreover,  a  large  wake  is  found  immediately 
downstream  of  this  left  fuel  nozzle.  Backside  cooling  is 
thus  reduced  because  the  velocity  in  this  wake  flow  is 
low.  Oniy  a  very  small  wake  flow  is  found  downstream 
of  the  right  fuel  nozzle.  Most  of  the  diffuser  pipe  flow 
goes  around  this  right  fuel  nozzle  and  does  not  separate. 
This  type  of  flow  interaction  is  atypical  and  it  is  difficult 
to  predict  a  prior  without  CFD.  Such  computer  simulation 
benefits  both  combustion  and  compressor  designers  and 
helps  in  understanding  the  effects  of  diffuser  exit  profile 
on  combustion  system  performance.  CFD  is  also  useful  in 
determining  the  discharge  coefficient  (Cd)  of  holes  in 
areas  where  the  flow  is  difficult  to  predict.  For  example, 
the  outer  dilution  holes  of  this  model  are  located 
immediately  downstream  of  the  diffuser  pipes,  where 
some  of  the  flow  must  reverse  in  direction.  Where  the 
How  splits  ami  reverses  direction  and  determining  the 
flow  conditions  around  the  holes  are  difficult  to  assess 
without  CPD. 

Thc  impact  of  fuel  spray  on  the  combustion  systems  has 
included  ignition,  starting,  flame  stability,  TDF,  smoke 
and  emissions,  fuel  consumption  rate,  and  noi-end 
durability.  Hence,  the  design  of  ihe  fuel  nozzle  is  really 
critical.  CFD  is  valuable  in  modelling  thc  small  flow 
passages  that  often  have  a  swirler  and  operated  under 
very  high  pressure.  Several  grid  meshes  are  shown  in 
Figs  17  and  IK  illustrating  the  complexity  of  the 
components  and  flow  paths  inside  fuel  injectors 

More  applications  of  CFD  in  the  design  and  studies  of 
fuel  injectors  for  small  gas  turbine  engines  are  also 
discussed  by  McCaldon  el  al.  1 5], 

Up  to  now,  much  of  the  activity  in  combustor  design  has 
been  built  on  empirical  correlations  based  on  experience. 
CFD  iv  valuable  ir  providing  detail  information  and  flow 
visualisation  ol  tlv  llowficld.  Many  empirical  correlations 
can  now  be  verified  by  CFD.  Together,  these  tools  are 
powerful  both  in  monitoring  each  other  s  performance 
and  in  making  up  each  other’s  weaknesses  The  ability 
to  work  with  well  defined  physical  parameters  will  dispel 
the  black  art  image  that  is  sometimes  associated  with 
combustor  designed  in  the  engine  community. 

Despite  the  capabilities  and  w  ide  usages  of  CFD  in  the 


gux  turbine  combustion  systems,  there  remains  much 
room  lor  improvement  in  the  mathematical  methodology 
and  physical  modelling  for  turbulent  reactive  recirculating 
combustor  Hows,  The  goul  for  CFD  in  the  future  is  to 
become  an  every  duy  design  tool,  which  is  capable  of 
accurately  predicting  crucial  parameters  for  the 
combustion  systems  under  both  steady  and  unsteady  stale 
operating  conditions,  and  reduce  the  lengthy  und  costly 
rig  testings  in  the  development  stage,  CFD  will  play  an 
ever  increasing  role  both  in  quantifying  the  design  rules 
established  in  combustor  design  practice  and  in  allowing 
the  exploration  of  the  boundaries  to  which  these  rules 
apply  to  future  designs, 

7.  C  ONCLUDING  REMARKS 

The  numerical  modelling  of  the  sector  combustor  as 
presented  here  showed  that  the  characteristics  of  the 
complex  flowfield  of  a  practical  combustor  with 
complicated  geometry  is  very  well  predicted  even  with  a 
course  mesh.  Although  most  of  the  mathematical  models 
and  numerical  algorithms  have  room  to  improve,  CFD  in 
its  present  state  is  capable  of  being  used  with  confidence 
as  a  tool  in  the  design  and  development  of  gas  turbine 
combustion  systems.  Since  CFD  is  capable  of  providing 
physically  realistic  solutions,  it  becomes  feasible  to  be 
used  in  areas  where  experimental  testing  may  be  too 
costly  or  impossible  for  diagnostic  tools  to  access.  It  is 
best  employed  as  a  tool  to  provide  detailed  information  in 
understanding,  optimizing,  monitoring,  parameterizing 
and  correlating  the  intrinsic  How  and  physical  parameters 
that  governs  the  complex  flowfields  in  combustion 
systems. 
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Fig.  6:  Contours  of  the  computed 
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Fig.  1 5:  A  combustor  outer  annulus  model  for  the  study  of  flow  interaction  Fig.  1 6:  Predicted  velocity  field  of  the  interaction  between  diffuser  pipe  and 

fuel  nozzle  flows 
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Discussion 


Question  1.  Dr  Gordon  E.  Andrews 

You  have  given  examples  of  CFD  computations  of  combustor  external  flow  and  internal  flow.  Do  you  have  experience  in 
combined  extemal/internal  flow  computations  that  avoid  the  need  to  specify  an  airflow  distribution  and  inlet  hole  velocity 
profiles  if  any  internal  predictions  are  made?  Are  there  any  additional  problems,  such  as  convergence,  in  combined  flow 
predictions? 

Author’s  Reply 

The  combustor  external  flow  is  normally  computed  separately  from  the  internal  flow.  The  results  from  the  external  flow 
computation  are  used  to  provide  inlet  boundary  conditions  for  the  internal  flow.  Combined  3-D  external  and  internal  flow 
computations  ha  ve  not  been  attempted  seriously,  largely  due  to  the  limitations  of  the  grid  size  the  current  computer  workstation 
can  handle.  How  ever,  the  attachment  feature  has  been  used  to  couple  the  fuel  nozzle  to  the  combustor  to  allow  flow  development 
inside  the  fuel  nozzle  before  injection  into  the  combustor. 


Question  2.  PJ.  Coelho 

Could  you  provide  some  details  of  the  model,  namely  the  physical  submodels  and  numerical  techniques? 

Author’s  Reply 

The  solver  used  is  the  TASC  code,  trade  marked  by  Advanced  Scientific  Computing  Ltd.,  Waterloo,  Ontario,  Canada. 

The  code  uses  a  fully  general  non-orthogonal  and  logically  Cartesian  grid.  It  is  based  on  a  conservative  finite  volume  approach 
with  all  variables  stored  at  the  same  grid  location.  The  Mass  Weighted  Discretization  Scheme  and  the  Physical  Advection 
Connection  terms  in  all  transport  equations  except  k  —  t  were  used.  The  turbulence  model  is  the  standard  k  —  t  model  with 
wall  functions  where  xwM  is  proportional  to  the  turbulent  kinetic  energy. 

The  fluid  mixtures  consisted  of  4  separate  physical  components,  namely  02,  N,,  fuel  and  products.  The  Multi-Component  Fluid 
Model  takes  into  account  the  component  properties  and  the  proportion  of  each  component  present  in  the  control  volume. 

For  combustion,  the  simple  Eddy  Break  Up  Model,  which  is  based  on  the  concept  that  the  chemical  reaction  is  fast  relative  to  the 
transport  processes  in  the  flow-,  is  used.  The  EBU  model  requires  that  fuel,  oxidant,  and  products  be  available  in  a  control  volume 
before  reaction  may  occur  The  minimum  concentration  of  these  three  components,  together  with  a  turbulent  mixing  rate  e  Ik  are 
used  to  calculate  the  reaction  rate  of  fuel. 
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RESUME 

L'dtude  ddtaillde  dc  l'aerodynamique  et  de  la  thermique  des 
systdnies  est  aujourd'hui  un  des  points  importants  rentrant  dans 
le  processus  de  dimensionnement  et  d'optimisation  des  foyers 
de  rdchauffe  des  turbordacteurs  modemes. 

Dans  ce  contexte,  1 'article  prdsente  deux  exemples  de 
gdomdtries  et  de  rdsultats  rdcents  tirds  de  cas  concrets  et 
montre  par  quels  moyens  le  recours  au  calcul  numdrique  peut 
permettre  d'aider  le  concepteur  dans  son  dtude. 

Le  code  adrothermochimique  qui  a  dtd  utilisd  a  dtd  ddveloppd 
par  l'ONERA  dans  le  cadre  de  l'Action  Concertde  pour  les 
Chambres  de  Combustion  (  A3C  ).I1  est  basd  sur  une  technique 
de  type  volumes  finis  avec  un  maillage  tridimensionnel 
structurd  adaptd  aux  parois.Le  moddle  de  combustion  utilisd  de 
type  "Eddy  Break  Up"  gdndralisd  fait  I'objet  d'une 
prdsentation  plus  ddtaillde. 


1.  GENERALITES 

De  nomoreux  progrds  ont  dejit  dtd  obtenus  dans  le  domaine  de 
1'amdlioration  des  performances  des  foyers  de  turbordacteurs. 
Ces  progrds  qui  sont  dus  en  grande  partie  &  ues  technologies 
nouvelles  ont  permis  jusqu'it  prdsent  de  rdpondre  aux 
probldmes  posds  par  1'dlargissement  constant  du  domaine  de 
fonctionnemcnt  des  motcurs. 


Fig  la  Vue  schdmatique  du  systdme  accroche- 
flammes  dans  le  canal  de  post-combustion. 


Plus  particulidrement  dans  le  domaine  des  foyers  de  rdchauffe, 
les  ddveloppements  qui  ont  dtd  faits  dans  le  domaine  des 
systdmes  de  refroidissement  ou  de  mdlange  et  les  travaux 
concemant  les  nouveau.-,  concepts  de  slabilisateurs  de 
combustion  ont  contribud  d'une  fa?on  significative  <k  repousser 
les  limites  des  performances. 

Dans  le  passd,  le  ddveloppement  de  ces  systdmes  reposait 
essentiellement  sur  une  approche  empirique  basde,  d'une  part 
sur  une  moddlisation  simplifide  reproduisant  le  comportement 
global  d'un  systdme  complet  et  d'autrc  part,  sur  une 
exploration  systdmatique  &  l'aide  d'essais  partiels  permettant 
de  mettre  au  point  les  diffdrents  composants.  Une 
expdri  mentation  globale  du  dispositif  devant  a  posteriori 
vdrifier  le  bon  fonctionnemcnt  dans  I'ensemble  du  domaine  de 
vol.  Aujourd'hui,  1‘dvolution  vers  des  systdmes  de  plus  en  plus 
complexes  et  pcrtormants,  aux  paramdtres  de  contrfile 
nombreux.  limite  les  marges  de  progrds  et  rend  le  recours  &  un 
empirisme  systdmatique  hasardcux.  De  plus,  la  ndcessitd  pour 
des  raisons  de  compdtitivitd,  de  rdduire  les  couts  et  les  ddlais 
de  ddveloppement  conduit  &  rechercher  des  moyens  qui 
permettront  de  prdvoir  dds  le  stade  du  dimensionnement  le 
comportement  local  d'un  ensemble. 

Ce  but  ne  peut  dtre  atteint  que  par  la  description  quantitative 
de  I’adrothermodynamique  au  moyen  de  codes  prenant  en 
compte  et  ddcrivant  localement  I’ensemble  des  phdnomdnes 
mis  en  jeu.  Dans  ce  contexte,  le  recours  au  calcul  numdrique  a 
deux  objectifs,  d’une  part,  l’aide  au  dimensionnement  a  priori, 
et  d’autre  part  I'orientation  des  expdri  mentations  dont  le 
nombre,  gr&ce  4  un  choix  mieux  justifid,  pourra  dtre 
grandement  rdduit. 


Fig  1b  Systdme  accroche-flammes-Vue  arridre 
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L'urticle  que  nous  prdsentons  permet  d'illustrer  par  un 
exempif  ! 'application  de  cette  mdthodologic  ehoz  Snecma 
dans  le  domaine  de  i'dtude  du  foyer  de  rdehauffe  d  un 
turbordacteur  (ref  1,2,3). 


2.  INTRODUCTION 

Dans  Ic  cas  de  beaucoup  de  turbo:  dacteurs  militaires  modernes 
et  de  quelqnes  moteurs  civils,  il  peut  dtre  ndeessaire  d  obtenir 
ponctuellemem  un  surcroit  important  de  poussde.  Ceci  peut 
ifre  °J?)enu  fcn  cafburant  k  nouveau  Pair  vici6  issu  du  moteur. 
En  effet,  la  combustion  dans  la  chambre  principale  ne 
consommant  pas  tout  1'oxygdne  disponible,  il  est  possible 
d  assurer  une  nouvelle  combustion.  Cette  post-combustion 
permet  ainsi  d'dlever  fortement  la  temperature  des  gaz 
d  ejection  et  augmente  par  Id  mdme  la  poussde  du  moteur. 
Dans  ce  foyer  de  rdehauffe,  il  est  ndeessaire  d'iniectei  le 
carburant  hquide  d'une  faqon  relativeinent  homogfenei  puis  de 
fixer  la^ combustion  au  moyen  d'ur.  dispositf  "accroche- 
flammes"  permettant  de  produire  le  temps  de  sdjour  suffisant 
pour  stabiliser  la  combustion.  La  figure  1  reprdsente  la 
schdmatisation  d'un  systdme  de  rdehauffe  type  d'un 
turbordacteur  militaire  modeme.  L’injection  de  carburant  est 
ici  assurde  cn  particulier,  au  moyen  de  crayons  disposds 
radialernent  en  amont  du  systdme  accroche-flammes  qui  lui  est 
mixte  annulaire  et  radial. 

La  raise  au  point,  de  ce  type  de  systdmes  “injection  de 
carburant, 'accroche  fiammes"  est  un  des  dldments  essentiels 
rentr  ant  en  jeu  lui\s  de  la  conception  du  foyet  de  rdehauffe. 


3.  Le  code  DlAMANT 

I-e  code  DlAMANT  a  did  ddveloppd  par  I'ONERA  dans  le 
cadre  de  l'opdration  A3C  (ref 9).  Cette  action  met  d 
contribution  la  plupait  des  pdles  dc  competences  important*  en 
France  dans  le  domaine  de  I'adrothermochimie  et  a  pour  out 
d'une  part,  de  developper  les  nouveaux  modules  physiques 
avar.cds  qui  seront  ndccssaires  pour  la  description  plus  precise 
des  dcoulements  dans  les  chambres  de  combustion  et  d’autre 
part,  de  construire  le  code  numdrique  capable  de  les  acceuillir. 
L' introduction  de  ces  nouveaux  moddles  est  en  cours  de 
rdalisation.  1  jc  code  DlAMANT  (ref  4,5,6)  qui  est  prdsentd 
dans  cet  article  est  la  version  de  base  munie  de  moddles 
classiques.  II  est  employd  chez  Snecma  depuis  1991  et 
commence  maintenant  d  dtre  utilisd  d'une  faqon  relativemcnt 
courante  pour  la  rdalisation  des  probldmes  de  conception. 

Le  code  est  basd  sur  la  rdsolution  des  dquations  de  Navier- 
Stokes  moyenndes  dans  une  approximation  compressible 
subsonique.  l.a  turbulence  est  simulde  par  un  moddle  d  deux 
dquations  et  la  combustion  par  un  moddle  de  type  "Edoy  Break 
Up"  gendralisd  compldtd  par  une  Pdf  prdsumde.  La  mdthode 
numdrique  repose  sur  un  schdma  semi-implicite  et  une 
rdsolution  d  pas  fractionnaires.  I*a  diserdtisation  est  de  type 
volumes  finis  strictement  conservative.  En  tridimensionnel,  le 
rdseau  de  mailiage  est  constitud  par  des  empilements  adjacents 
d'hexaddres  dont  la  forme  et  I'agencement  peuvent  dtre 
quelconques.  Ce  type  de  mailiage,  s’il  reste  structurd,  permet 
dans  une  certaine  mesure  de  reprdsenter  des  gdomdtries 
relativement  complexes  avec  des  obstacles  internes  sans 
amcner  des  ddformations  de  mailles  trop  importantes  (fig  3). 


Parmi  les  paramdtres  d'optiinisation  recherches,  celui  de  la 
poussde  est  bien  entendu  un  des  plus  importants.  Ainsi,  pour 
une  longueur  de  canal  la  plus  courte  possible,  mimmisant  done 
la  masse,  le  concepteur  cherchera  d  obtenir  la  tempdratuie  la 
plus  elevde  et  la  plus  homogdne  possible  maximisani  ainsi  la 
poussee.  Un  autre  paramdtre  d'optiinisation  est  celui  de  la 
perte  de  charge.  En  effet,  it  ddbit  donnd  en  fonctionnenient  en 
rechauffe  ou  non,  la  poussee  est  dgalemcnt  conditionnde  par  le 
niveau  de  pression  d  la  sortie  de  la  tuydre  qu'il  est  done 
necessaire  de  garder  le  plus  dleve  possible. 

On  voit  ddid  apparaitre  ici  une  difficult^  majeure  puisque  ces 
deux  criteres  peuvent  dtre  contradictoires.  En  effet,  si  la 
multiplication  des  points  d'injection  et  des  systdmes 
djhomogdndisation  serait  tout  d  fait  favorable  a  l'obtentiou 
d'une  tempdraturc  dlevde  et  homogdne,  elle  conduirait 
dviuemment  d  un  niveau  de  perte  de  charge  important. 
"Tempdrature  homogdne  d  perte  de  charge  rdduite"  est  ainsi  uu 
exemple  de  compromis  il  rdaliser  lors  de  la  conception  des 
foyers  de  rechauffe.  11  en  est  bien  dvidemment  beaucoup 
d'autres  lids  il  la  tenue  thermique  ou  mdcanique,  la  stability  de 
combustion  ou  encore  les  instabilitds  acoustiques,  par  exemple. 

On  voit  done  que  la  multiplicity  des  critdres  d 'optimisation 
ainsi  que  le  nombre  important  de  degrds  de  liberty  d  la 
disposition  du  concepteur  (position,  ddbit  des  injecteurs,  des 
stabilisateurs,  forme  de  la  veine,  systdmes  de 
refroidissement ...)  rend  trds  ddlicate  la  tdche  de  conception  de 
ces  systdmes  particulidrement  complexes.  Dans  ce  contexte,  la 
mdthodologie  ddveloppde  par  Snecma  met  en  oeuvre  plusieurs 
codes  de  calcul  adrothermique  ou  thermique  2D  et  3D  dont  la 
combinaison  permet  d'assister  le  concepteur  dans  son 
dimensionnement. 


Ainsi,  1  'article  est  centrd  plus  particulidrement  sur  un  des 
ou 1 1 Is  nuntdriques  utilisds  aujourd'hui  chcz  Snecma.  Dans  une 
premidre  partie,  nous  ddcrirons  d'une  faqon  relativeinent 
ddtai'lde  le  code  de  calcul  DlAMANT,  en  insistant  plus 
particulidrement  sur  le  moddle  de  combustion  utilisd 
aciuellement.  I.a  deuxidme  partie  prdsentera  deux  caleuls 
rdalisds  rdeemment,  illustrant  d'une  part  les  possibilitds  du 
code  et  d'autre  part  I'apport  des  mdthodes  numdriques  en 
gdneral  dans  le  ddveloppement  des  foyers  modernes  de 
turbordacteurs, 


3.1  Les  dquations  devolution 

Les  dquations  instanutndes  devolution  sor.t  obtenues  d  partir 
des  principes  fondamentaux  de  conservation  de  la  masse,  de  la 
quantitd  de  mouvement,  de  l’dnergie  et  des  espdees.  Un 
traitement  statistique  classique  est  appliqud  d  ces  dquations 
pour  tenir  compte  du  caractdre  turbulent  des  dcoulements 
considdrds.  Le  systdme  complet  des  dquations  s’exprime  de  lc 
faqon  suivante: 


dp/dl  +  V.(pU)  =  0 
dptf/dt  +  V.fptf.U+puV'+f)  +  VP  =  0 
dpH/dt  +  V.(pU.H+£uV  +Jh)  =  dP/dt  +  pWAH 
dpG/dt  +  T.(/iU.G  rpu'g' -r  jg)  = 


ou  G  reprdsente  I'une  quelconque  des  grandeurs  scalaires  qui 
son!  calculdes,  d  savoir  k,e,  ou  la  fraction  massique  d’une 
espdee  Y,.  Le  tenseur  f  et  les  vecteurs  J  reprdsentent  la 
contrainte  visqueuse  et  les  fluxjJe  diffusion  larninaires.  Les 
flux  turbulents  ufi?  ,  uTT  et  u'g'  sont  donnds  par  un  moddle 
de  turbulence  classique  de  type  k,e.  TT  reprdsente  ici 
I’enthaipie  sensible  totale  massique  et  F  la  pression  statique  quj. 
se  ddduil  de  p,  H,  et  U1  par  une  dquation  d'dtat.  Enfin,  W 
reprdsente  le  taux  de  rdaction  moyen  et  est  donnd  par  le 
moddle  de  combustion  qui  sera  ddcrit  plus  loin. 


Sur  les  parois,  les  contraintes  paridtales  sont  moddlisdes,  soit 
par  un  moddle  aigdbrique  basd  sur  (’approximation  de  Couette, 
soit  sur  un  moddle  reposant  sur  les  lois  logarithmiques 
classiques.  Dans  les  sections  d'entide  du  domaine  de  calcul, 
routes  les  variables  sont  specifides  sauf  la  pression.  Dans  les 
sections  de  sortie,  seule  la  pression  statique  est  imposde. 


i.2  Traitement  numdrique 

Les  dquations  de  bilan  sont  diserdtisdes  sur  chaque  cellule 
suivant  la  technique  des  volumes  finis,  assurant  ainsi  une 
conservativitd  totale.  Le  systdme  d  rdsoudre  se  rdsume 
simplement  d: 


5f/5t  =  S(f) 


ou  f  reprdsente  le  vecteur  des  inconnues  du  probldme: 
f  =(i 
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Elies  sont  calculdes  au  centre  de  cheque  maille.  Les  fuix  d 
travers  les  interfaces  sont  exprimds  en  fonction  de  I’dtat  de 
I'dcoulement  au  centre  de  chaque  face  de  part  et  d'autre  de 
I'interface.  En  fonction  des  caractdristiques  locales,  un 
ddcentrcment  plus  ou  moins  important  peut  etre  appliqud  pour 
obtenir  la  valeur  finale  du  flux  £  I'interface.  Une  discretisation 
temporelle  semi-implicite  est  appliqude  et  le  syst&me  global 
s'dcrit  alors: 


( I  -  AaAt  )5f  *=  S(f") 
avec  bf  =  (f'  +  1-fn)/At 

et  oil  A  est  la  matrice  jacobienne  de  S:  A  =<3S/3f 
et  a  est  le  paramdtre  d'implicitation. 

Le  systdme  d' Equations  lindaires  rdsultant  est  encore  factorisd 
suivant  les  trois  directions  du  maillage  et  le  systdme  consiste 
finalement  a  rdsoudrc  successivement  trois  sdnes  de  systdmes 
tridiagonaux  par  blocs.  D'une  faqon  pratique,  seules  les 
variables  adrodynamiques  (p.pO'.^K)  sont  fortement  coupldes. 
Les  grandeurs  scalaires  (k.c.Yj)  sont  ddcoupldes  et  calculdes 
do  faqun  inddpendante.  Les  systdmes  lindaires  correspondants 
a  une  direction  donnde  sont  inddpendants  les  uns  des  autres.  11s 
soni  done  classds  suivant  leur  taille  puis  traitds  par  lots,  ce  qui 
permet  une  vectorisadon  poussde  de  1'ensenible  de 
l'algorithme. 

3.3  Le  module  de  combustion  turbulente 

Le  modi!?  que  nous  utilisons  est  basd  sur  la  notion  classique  d' 
"Eddy  Break  Up"  gdndralisd  aux  dcoulements  non  homogdnes 
(ref  7,8).  Une  seule  rdaction  glcbale  d'oxydation  d'un 
carburant  est  utilisde.  Elle  peut  s'dcrire  sous  forme  massique: 

F  +  s  (  O  +  0D)  — >  (1+s)  P  +  s/3D 

ou  F  reprdsente  le  carburant,  O  Toxygdne,  D  le  diluant 
(typiquement  I'azote)  et  P  globalement  les  produits  dc 
combustion  sans  distinction  de  composition,  s  est  le  rapport 
stoechiomdtrique  massique  et  £  le  rapport  massique 
diluant/oxygdne.  Si  I'on  fait  l'hypothdse  que  le  comburant  est 
toujours  dc  Lair  pour  lequel  le  rapport  (1  est  constant,  le 
probldme  peut  se  rdsumer  d  la  connaissance  de  seulement  dqux 
mconnues  inddpendantes.  Nous  avons  choisi  de  conserver  YF, 
la  fraction  massique  de  carburant  et  ZF  le  traceur  de  carburant 
total.  Les  autres  fractions  massiques  se  ddduiser.t  de  ces  deub 
valeurs  par  des  relations  algdbriques.  Les  deux  inconnues  YF 
et  *ZF  sont  donndes  par  des  dquations  de  bilan  classique  du 
type: 

L(Yf)  =  -Wf  et  L(TF)=0 

Le  probldme  revient  maintenapt  4  calculer  le  taux  moyen  de 
disparition  du  carburant  Wp.  Le  moddle  est  basd  sur 
l'hypothdse  de  rdaction  infimment  rapide.  L'expression  du 
taux  de  rdaction  moyen  va  ddpendre  de  la  situation  des 
particules  fluides  dans  le  plan  des  phases  ( Y p,ZF). 

Le  domaine  possible  dans  ce  plan  est  limitd  par  l’intdrieur  du 
triangle  ABC  (fig  2).  L'hypothdse  de  chimie  infiniment  rapide 
limite  encore  le  domaine  aux  seules  frontidres.  La  segment  AB 
correspond  aux  particules  qui  se  mdlangent  sans  bruler  et  la 
ligne  ACB  aux  particules  entidrement  brQldes.  Sur  ACB,  AC 
reprdsente  une  combustion  compldte  en  sous-stoechiomdtrique 
pour  laquelle  Yp=0  tandis  que  CB  correspond  d  une 
combustion  sur-stoechiomdtrique  pour  laquelle  Yo=0.  Lors  du 
processus  de  combustion,  le  point  reprdseutatif  d'une  particule 
se  ddplace  instantandment,  d  ZF  constant  du  segment  AB  vers 
un  des  segments  AC  ou  CB.  D'une  faqon  gdndrale,  la  ligne 
ACB  est  une  ligne  thdorique  qui  correspond  d  une  combustion 
compldte. 

Par  la  suite,  elle  sera  remplacde  par  ui.e  courbe  plus  prdcise 
reprdsentant  1’dtat  d'dquilibre  pour  lequel  on  notera: 


Cette  demidre  courbe  est  obtenue  par  un  programme  classique 
de  ralcul  de  l'dquilibre  chimique  et  permet  de  tenir  compte  de 
l'effet  des  rudicaux  et  dealement  des  limites  d'extinction 
pauvre  et  riche  le  cas  dcheant. 

Pour  introduire  le  taux  de  rdaction,  nous  utilisons  le  moddle 
IBM  ddrivd  du  gdnie  chimique  (ret  8).  Us  dquations  de  bilan 
instantandes  lagrangiennes  de  chaque  particule  (YF,ZF)  sont 

alors: 


et 


dYF/d;  =  (  Yj,  -  Y,.- )/ t  -  WF 
dZ,./dt  =  ( %  -  ZF  )/r 


oil  t  reprdsente  un  temps  caractdristique  d'dchange  que 
nous  prenor.s  ici  proportionnel  d  k le..  Lorsque  la  particule  n'a 
pas  bruld,  Wp  esi.par  ddfinition,  nul.  Par  centre  d  Tissue  de 
la  rdaction  cliimique,  la  fraction  massique  dc  carburant  est 
stationnaire  et  done  dY,./dt=0.  On  a  done: 


sur  AB  WF=0 

sur  ACB  WF=(?'F-YL(ZF))/r 

La  valour  moyenne  WF  s'obtient  en  moyennant  le  taux  de 
rdaction  sur  toutes  les  particules  possibles.  On  obtient  alors: 


-Y[  (ZF))/r.P(ZF)dZF 


ou  a  est  la  probability  qu'une  particule  tluidc  se  trouve  sur 
ACB  et  P(Z|.)  est  la  fonction  densitc  de  probability  de  ZF. 
Pour  simplifier,  a  est  suppose  independant  de  ZF.  II  est 
possible  de  determiner  «  en  calculant  Y,  de  la  memc  maniere 
que  WF,  soit. 

%  -  (\-a)%  +  or  /Y|  (ZF).P(Z;:)dZF 


1c  taux  de  reaction  moyen  s'dcrit  alors  finalement: 

%  =  \ITA%:-Yp).tfp-Vl)lffv-V0 

avec  i 

'a 


yf=y,  (Zf) 


Fig  2  Plan  des  phases  (YF,ZF) 
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Cette  formulation  est  valable  pour  toutes  les  richesses,  atissi 
bien  en  sous-stoechiomdtrique  qu'en  sur-stoechiorndtrique. 
D'unc  faqon  gdndrale,  Yt  (Z(;)  est  approximd  soil  par  tine 
lonetion  lindairc  par  morccaux,  soit  calculi  it  I' aide  d'un 
programme  annexe  de  calctt!  d’dquilibre  thcrmodynamiquc.  l.a 
lonetion  densitd  de  probability  est  moddlisde  4  I'aide 
d'une  forme  prdsumdc  cn  lonetion  crdneau  ou  beta.  Kile  est 
alors  cakul^Jt  I'aide  de  la  valeur  moyenne  locale  et  de  s a 
variar.ee  /?■  clonnec  par  une  liquation  de  bilan 
suppldmcntaire. 


4.  UTILISATION  INDUSTRIELLE 

Le  code  de  calcul  ddcrit  dans  les  paragraphes  ptdcddents  a  dtd 
utilisd  sur  de  nombreuses  configurations  de  foyers  de 
turbordacteurs  et  en  particufier  pour  les  foyers  de 
rdchauffc.Comme  il  a  ddja  did  montrd  dans  1' introduction,  la 
mdthodologie  ddveloppde  mise  sur  les  possihilitds  numdriques 
mais  joue  dgalcment  sur  la  compldmentaritd  entre  les  essais  et 
les  dtudes  thdoriques.En  effet,  las  foyers  de  rdchauffe  sont  des 
systdmes  complexes  qui  rassemblent  utt  grand  nombre  de 
phdnomdnes  physiques  souvent  trds  diffdrents.  Le  concepteur 
est  alors  amend  4  isoler  les  probldmes  et  &  metlre  au  point 
sdpardment  chaque  dldment. 

Le  systdme  d'injection  et  d'accroche-flammes  au  niveau  de  la 
confluence  des  flux  est  un  de  ces  systdmes  dldmentaircs.  Poui 
son  dtude,  une  maquette  simulant  une  portion  de  secteur  du 
canal  entier  a  dtd  construitc.  Ceci  permet  la  mise  au  point  sur 
le  plan  expdrimental.  Toutefois,  plosieurs  calculs  complets  oni 
dtd  effectuds  sur  cette  gdomdtrte  ce  qui  a  p"rmis  par  une 
visualisation  fine  et  complete  de  mieux  comprendre  toute  la 
complexitd  des  dcoulements  et  des  phdnomdnes  mis  en  jau.  Ur, 
exemple  des  calculs  effectuds  sur  cette  maquette  est  prdscntd 
dans  la  premidre  partie  du  paragraphe. 

Ce  type  de  calculs  et  ces  experimentations  permettent  de 
meitre  au  point  des  systdmes  partiels  qui  sont  ensuite  intdgrds 
dans  (’ensemble.  Des  essais  sur  le  systdme  complcr  sont 
ensuite  rtialisds  permettant  de  juger  des  qual.tes  globales  du 
foyer.  Lit  encore  des  dtudes  numdriques  contribuent  4  ce 
travail.  Un  calcul  sur  un  foyer  de  rdchauffe  complet  est  ainsi 
prdsentd  dans  la  dcuxidme  partie  du  paragraphe. 


phdnomdnes,  la  determination  d'une  carburation  optimale  vis  a 
vis  du  rendement  de  combustion  est,  bien  cntendu,  un  des 
objectifs  de  I'dtude. 

Les  figures  4  donnetit  d’une  faqon  ddtailldeles  champs  de 
fraction  massique  de  earburant  total  (ie.  %)  et  montrem 
comment  la  carburation  s’effectue.  On  voit  bien  er.  Dartiadiei 
sur  Its  figures  4a, 4b  et  4c  les  sillages  du  bras,  du  crayon  et  de 
l'anneau.  Dans  l'anneau  le  earburant  est  injeod  pur  dans  la 
recirculation  (fig  4e)  ce  qui  produit  une  zone  relativement 
dtendue  it  forte  richesse.  Par  coutre  dans  le  bras,  le  carourant 
est,  a  I'aide  d'un  disposilif  annexe,  mdiargd  a  de  fair  et 
I'injection  dans  le  flux  principal  se  fait  ainsi  a  une  richesse 
motndre.  On  ooserve  tout  de  mime  a  I 'aval  une  zone  a 
richesse  moyenne  cei'ntidant  avec  la  zone  de  recirculation 
produitc  par  le  sillage  du  bras.  Enfm,  le  crayon  est  un 
mjecteur  de  earburant  pur  mais  qui  ne  produit  pas  de 
recirculation  importante.  le  earburant  pur  est  ainsi  rapidement 
convectd  vers  l'aval  et  dilud  par  le  flux  primaire. 

Ce  genre  da  systdme  produit  une  carburation  en  aval 
rdativement  homogdne  comme  on  peut  le  voir  sur  la  figure 
4.d.  Les  sillages  des  bras,  crayons  et  anneau  sont  bien 
alimentds  en  earburant.  On  ooserve  toutefois,  du  cotd  de  la 
paroi  latdrale  une  zone  it  richesse  quasi  nulle.  II  apparaTt  id 
qu'4  ddfaut  d'une  carburation  directe  en  amont,  la  turbulence 
produitc  par  le  bras  n'est  pas  suffisante  sur  une  telle  distance 
pour  amener  le  earburant  dans  cette  portion  de  domaine. 
D'autre  part,  une  zone  &  forte  richesse  se  erde  it  la  confluence 
du  si'.lage  du  crayon  et  de  l’anneau.  cette  strrichesse  contribue 
it  alimenter  le  sillage  du  bras  par  l'intermddiaire  d'un  jeu  assez 
complexe  de  recirculations  qui  prend  place  juste  au  niveau  de 
la  confluence.  De  la  mdme  manidre,  cet  dcoulement  complexe 
est  dgalement  responsable  du  creusement  du  champ  de  richesse 
au  niveau  du  sillage  de  l’anneau  au  droit  du  bras.  Cette 
recirculation  trfes  caracterislique  qui  a  tendance  4  "remonter" 
du  fluide  do  flux  seeondaire  vers  le  primaire  (fig  4e)  en  aval 
du  bras  et  4  le  "raniener"  vers  le  has  le  long  du  bras  est  sans 
doute  un  dldment  important  pour  le  rndlange  et 
l'homogdndisation  tridimensionnelle.  Son  dtude  ddtaillde  et  son 
contrdle  doivent  aider  4  l'optimisation  de  ce  systdme.  Des 
dtudes  numdriques  sont  en  cours  dans  ce  sens. 


4.1  Maquette  carrte  2D/2F 

Une  reprdsentation  de  maillage  utilisd  est  donnd  figure  3.  II 
comprend  environ  60000  noeuds.  On  simule  ici  la  moitid  de  la 
maquette  qui  est  symdtriqee  par  rapport  4  un  plan  mdridien  et 
qui  reprdsente  une  portion  redressde  d'un  secteur  a/tnulaire 
complet.  Le  systdme  accroche-flatnmcs  est  cons'iUid  dans  ce 
cas  de  bras  radiaux  disposds  dans  le  flux  primaire  et  d'un 
anneau  en  forme  de  gouttidre  dans  le  flux  seeondaire.  la 
carburation  est  effectude  dans  le  flux  primaire,  d'une  part  par 
un  crayon  radial  er.  amont  du  bras  et  d'autre  part  par  une 
carburation  directement  dans  le  bras  accrochc-flammes.  Le 
flux  seeondaire  est  carburd  par  uric  injection  dans  l'anneau 
accrochc-flammes.  Outre  la  cotnprdhension  fine  des 


Cette  carburation  relativement  hontogdne  devrait  laisser 
espdrer  une  combustion  14  encore  homogdne  et  done  un  champ 
de  temperature  calqud  sur  la  carburation.  Ce  n'est  pas  le  cas 
du  tout,  L'allumage  a  dtd  effectud  juste  en  aval  du  bras  en 
maintenant  artificiellement  la  fraction  massique  du  earburant  4 
sa  valeur  brulde  pendant  quelques  iterations.  La  convergence 
est  ensuite  poursuivie  sans  autre  intervention.  On  s'aperqoit 
ainsi  que  la  combustion  a  bien  lieu  en  aval  du  bras  et  de 
l'anneau  (fig  5a, 5b)  et  que  la  zone  de  combustion  a  tendance  4 
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Fig  3  Maillage  de  la  veine  2D/2F 
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s'dlargir  vers  le  haut  a  cause  d'une  convection  dans  ce  sens 
comme  il  a  did  vu  prdeddemment.  Par  contre,  si  1'on  compare 
les  figures  4d  et  5f  on  voit  nettement  que  !a  partie  carburde  cn 
aval  Jes  crayons  n'est  pas  une  zone  de  rdaction  et  quo  le 
carburant  bien  que  prdsent  ne  brvlle  pas.  La  mdme  constatation 
pent  se  faire  en  comparant  les  figures  4c  et  5c.  A  cette 
distance  cr.  aval  seul  le  carburant  issu  du  bras  partie ipe  &  la 
combustion.  II  est  probable  que  plus  loin  &  I'aval  le  carburant 
issu  des  crayons  rentrera  dans  la  zone  d' influence  du  bras  et 
ainsi  pourra  dventuellement  commencer  k  alimenter  la 
combustion.  Mdme  en  initiant  la  combustion  par  un  allumage 
derridre  le  crayon  la  flamme  est  trds  rapidement  convectdc 
vers  I'aval.  II  s'avdre  en  fait  que  le  crayon  n'est  destind  qu'tl 
I 'injection  de  carburant  et  non  pas  &  produire  suffisamment  de 
perte  de  charge  ct  de  recirculation  pour  stabiliser  une  flamme 
immddiutcmcnt  en  aval  (fig  7a  et  7b  ). 

Les  figures  6  et  particuliirement  6b  sont  significatives.  Elies 
reprdsenteni  I' inverse  d'un  temps  caractdristique  de  la 
turbulence,  soil  elk  dircctentent  proportionnel  a  la  vitesse  de 
flamme  dans  notre  moddle  (  paragraphe  3  ).  On  s'aper^oit  sur 
cette  figure  que  Ic  sillage  des  Tiles  du  bras  sont  le  lieu  d'un 
cisaillcment  important  ce  qui  produit  done  un  dtirement  e/k 
important.  Dcrridre  les  bras  cette  zone  de  forte  rdaction  est 
trds  dtendue  et  avoisine  une  zone  de  recirculation  oil  les  termts 
de  convection  sont  faibles.  Ceci  permet  d'initier  et  de  stabiliser 
In  flamme.  Au  contiaire,  dans  le  sillage  du  crayon,  si  le 
cisaillcment  est  important  il  n'est  pas  trds  dtendu  et  se  produit 
dans  une  zone  ou  la  convection  est  forte.  La  vitesse  s'accdlere 
mdme  encore  k  cause  du  blocage  des  bras.  Ainsi,  1'dtirement 
important  causd  par  le  crayon  diminue  trds  rapidement  et  le 
souffiage  augmente  encore  ce  qui  laisse  peu  de  chance  &  la 
combustion  de  se  stabiliser. 

Ce  type  d 'analyse  permet  ddjft  dc  comprendre  un  pee  mieux 
les  phenomenes  complexes  qui  se  produisent  dans  ces 
systdmes.  Des  etudes  numdriques  de  ce  type,  peu  coQteuses  au 
demeurant  au  regard  d'ur.  essai  dquivalent,  sont  maintenant 
utilisdes  d'une  fac’on  qualitative  voire  quantitative  pour  de 
nombreuses  applications.  Dans  ce  cas  prdcis  on  peut  par 
excmple  penser  que  la  position  des  crayons  ou  la  disposition 
des  bras  peuvent  etre  optimisdes  atm  d’obtenir  un  rdsultat  plus 
satisfaisant. 

4.2  Foyer  de  rechauffe 

Le  meme  outil  ct  la  meme  analyse  sont  utilises  pour  l’dtude  de 
foyers  complets  du  type  de  celui  reprdsentd  sur  les  figures  8. 

l-e  manage  sur  la  figure  8a  comprend  environ  120000  noeuds 
et  simule  un  secteur  d’un  canal  de  post-combustion  complet 
d’un  turbordacteur  militaire  moderne.  Comme  pour  le  cas 
prdeddent,  un  des  principaux  rdsultats  recherchds  est 
revolution  de  la  tempdrature  dans  le  canal.  Ce  premier  rdsultat 
permet  d'abord  d’accdder  4  la  charge  thermique  des  matdriaux 
par  rayonnement  et  transfert  conducto-convectif.  On  a  ainsi  la 
possibilitd  d'optimiser  au  mieux  leur  refroidissement.  D'autre 
part,  le  niveau  de  tempdrature  et  son  homogdnditd  4  la  sortie 
du  canal  conditionne  directement  la  poussde. 

On  montre  sur  les  figures  8b  ct  8c  revolution  duchamp  de 
tempdrature  depuis  I’immddiat  aval  uu  bras  jusqu'h  la  sortie  du 
canal.  I.e  meme  type  de  phenomdnes  s'observe  que  sur  la 
maquottc  partielle  prdeddente,  k  savoir  la  forte  influence  du 
bras  qui  favorise  dans  son  s'llage  la  dilution  du  flux  primairc 
avec  le  flux  secondaire.  On  remarque  que  bien  qu'dtant  ddji 
assez  dloignde  de  1’ injection  I'homogdnditd  n’est  pas  trds  bonne 
et  seinble  encore  pouvoir  dtre  amdliorde  par  l'optimisation  des 
paramdtres  d'injection  par  exemple 


5.  CONCLUSION 

I-e  but  de  I'anicle  a  dtd  de  montrer  par  des  exemples  conciets 
comment  1 ' utilisation  d’une  mdthode  de  calcul  peut  contribuer 
&  une  meilleure  ddilnition  des  systdmes  de  post-combustion. 

Cette  mdthode  est  maintenant  utilisdc  relativement 
frdquemment  pour  l'dtude  des  chambres  de  combustion  er. 
gdndral  et  des  foyers  de  rdchauffe  en  paziiculier.  Elie  est 
intdgrdc  avec  d'autres  mdthodes  2D  et  3D  chcz  Snecma  dans  la 


mdthodologie  de  misc  au  point  de  tcls  foyers.  Ceci  permet  ddj& 
en  combinaison  avec  un  nombre  rdduit  d'dtudes  expidrimentales 
de  diminuer  d'ane  fa?on  sensible  les  ddlais  de  ddveloppement. 

Le  code  de  calcul  adrothermochimique  utilisd  a  dtd  ddveloppd  ft 
I'origine  par  1'ONERA,  II  est  basd  sur  une  technique  de 
volumes  nnis  et  repose  sur  un  maillage  structurd  adaptd  aux 
parois.  Un  des  point!  essentiels  de  la  mdthode  numdrique  est  la 
moddlisation  du  taux  de  rdaction.  Le  moddle  est  basd  sur  une 
technique  de  type  Eddy  Break  Up  dont  ia  principal  hypothdse 
est  de  considdrer  la  chimie  infimment  rapide  et  de  supposcr  1% 
vitesse  de  flamme  seulement  conditiormde  par  le  indlange 
turbulent.  La  prise  en  compte  au  moins  partielle  d'un  effet  dc 
cindtique  chimique  est  une  des  voies  d'amdlioration  possible. 
Ce  theme  est  actuellement  en  cours  de  ddveloppement  chez 
Snecma  et  k  I'ONERA. 
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Discussion 


Question  1.  L.  de  Chanterac 

How  long  does  one  calculation  case  of  about  60,000  cells  take  to  run,  and  on  which  computer?  What  is  the  contribution  of  the 
combustion  and  diphasic  models  to  the  time? 

Author’s  Re|ily 

The  time  calculation  of  one  case  is  about  8  hours  on  a  Cray  computer  The  contribution  of  the  combustion  model  is  not 
important  since  it  needs  only  two  additional  transport  equations.  The  time  needed  by  the  diphasic  model  depends  on  how 
detailed  the  boundary  conditions  are  (number  of  droplets . . .). 


Question  2  T.  RosQord 

I  assume  that  the  fuel  is  liquid.  How  is  it  modelled?  Are  droplet  sizes  and  initial  velocities  specified?  What  is  the  basis  of  the 
velocity  values? 

Author’s  Reply 

Droplet  sizes  and  initial  velocities  are  specified.  These  values  are  obtained  from  1  -D  calculations  and  from  measurements. 


Question  3.  A.  Trovati 

In  your  presentation  the  simulation  of  the  combustion  region  is  shown.  Have  you  simulated  the  effects  of  liner  cooling  flows  on 
the  temperature  profile  and  on  the  linear  temperature? 

Author's  Reply 

Yes.  The  linear  cooling  flow  has  been  taken  into  account  as  a  boundary  condition  for  the  complete  3-D  calculation  of  the  reheat 
system. 


HIGH  TEMPERATURE  FUEL  REQUIREMENTS  AND  PAYOFFS 
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Pratt  &  Whitney 
P.O.  Box  109600 

West  Palm  Beach,  FL  33410-9600  USA 


1.0  SUMMARY 

This  paper  describes  a  study  performed  under  contract  to 
Air  Force  Wright  laboratory,  Wright-Patterson  Air 
Force  Base,  Dayton,  OH  in  association  with  the  Naval 
Air  Propulsion  Laboratory,  Trenton,  NJ.  The  study 
projected  fuel  temperature  capability  requirements  for 
future  tactical  fighter  applications  and  the  payoffs  that 
would  be  realized  by  achieving  these  capabilities.  The 
study  was  approached  on  the  basis  of  the  maximum 
benefit  that  might  be  realized  through  the  use  of  high 
temperature  fuels,  i.e.  elimination  of  the  recirculation 
system.  Heat  loads  were  projected  for  different  missions 
spanning  IHPTET  technology  phases  1,  II,  and  III  at 
different  flight  conditions.  Fuel  temperatures  across  fuel 
system  components  were  calculated  at  these  heat  loads. 
Shortfalls  of  the  current  163°C  fuel  capability  were 
shown  and  minimum  fuel  temperature  requirements 
defined.  The  study  concluded  that  elimination  of  *'.<e 
recirculation  system  is  not  feasible  but  shows  how  nigh 
temperature  fuel  capability  can  minimize  the  weight 
penalty  associated  with  fuel  recirculation.  r.<  this  way, 
potential  payoffs  for  high  temperature  {vyC  development 
were  shown  in  the  form  of  reduced  we:ght  penalties  that 
would  normally  be  encountered  ac  larger  aid  larger 
recirculation  systems  are  required  to  accommodate  the 
increasing  heat  loads  projected  *'or  advanced  aircraft. 

2.0  INTRODUCTION 


The  Integrated  High  Performance  Turbine  Engine 
Technology  (IHPTE'r)  initiative  is  a  joint  Department  of 


Defense/NASA/industry  effort  to  develop  and 
demonstrate  revolutionary  and  innovative  technologies 
that  will  double  propulsion  system  capability.  The 
technologies  which  result  from  this  initiative  will  allow 
future  gas  turbine  engines  to  operate  at  much  higher 
temperatures,  pressures  and  rotational  speeds.  As  a 
result,  the  next  generation  of  propulsion  systems  will 
exhibit  vastly  improved  levels  of  engine  thrust-to-weight 
and  fuel  burned.  These  increased  propulsion  system 
capabilities  vill  translate  into  significantly  improved 
aircraft  system  performance  including  missions  with 
long  range,  high  speed  cruise  capabilities. 

Improvements  in  both  the  propulsion  and  aircraft 
systems  will  place  a  much  greater  requirement  on  the 
fuel  which  will  act  as  the  primary  heat  sink  for  both  the 
airframe  and  engine.  Under  Air  Force  contract,  P&W 
conducted  analytical  studies  to  establish  the  temperature 
capability  that  would  be  required  of  advanced  JP  fuels 
for  each  IHPTET  technology  phase.  In  addition,  the 
study  quantified  payoffs  associated  with  high 
temperature  fuel  capability  and  showed  that  development 
of  these  fuels  is  critical  to  the  IHPTET  initiative.  High 
temperature  fluid  development  goals  established  by 
P&W  for  each  IHPTET  Phase  are  shown  in  Table  1 . 

For  missions  with  very  severe  operating  environments 
such  as  those  associated  with  very  high  speed  flight, 
defining  the  requirement  for  high  temperature  fuels  is 
fairly  straightforward.  Heat  sink  capacity  is  a  barrier  for 
flight  speeds  above  Mach  5.  Without  advanced  fuels  like 
endothermic  or  cryogenic  fuels,  these  systems  cannot 


TABLE  1  -  P&W  high  temperature  fluid  development  goals 


Base 

IHPTET 
Phase  1 

IHPTET 
Phase  II 

IHPTET 
Phase  III 

Liquid  Lubricants  (°C) 

163 

204 

329 

371 

Fuels  (°C),  JP-4/JP-8 

163 

218 

288 

371 

JP-7 

288 
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achieve  their  missions.  For  more  traditional  missions, 
the  use  of  existing  JP  fuels,  while  requiring  some  design 
compromises,  would  not  likely  restrict  the  engine  flight 
envelope.  This  has  been  demonstrated  on  several 
weapon  systems  which  arc  currently  in  or  are  nearing 
service.  An  example  is  the  Advanced  Tactical  Fighter 
(ATF)  aircraft  which  uses  a  fuel  recirculation  system  to 
provide  sufficient  heat  sink  for  the  airframe  and  engine. 
This  approach  could  continue  to  be  used  for  future 
weapon  systems  but  with  an  increasing  penalty  as  the 
heat  generation  of  both  the  airframe  and  engines  become 
greater.  For  this  reason,  high  temperature  fuel 
requirements  will  be  dependent  on  what  is  an  acceptable 
recirculation  system  size  and  weight  for  future  aircraft. 

3.0  APPROACH 

Selected  missions  spanning  IHPTET  technology  phases 
I,  II,  and  III  were  investigated.  These  missions 
determined  the  engine  operating  environment  and  power 
levels.  Following  selection  of  a  propulsion  system 
concept,  engine  performance  was  modeled  to  establish 
engine  internal  gaspath  temperatures,  pressures  and 
flows,  as  well  as  the  levels  of  engine  fuel  flow.  This 
information  was  used  to  conceptually  design  the  engine 
flowpath  and  to  determine  rotor  speeds.  This  is  also 
where  configuration  issues  such  as  rotor  support 
arrangement  were  determined.  All  of  this  information 
along  with  assumed  airframe  heat  loads  were  used  in  the 
development  and  exercise  of  fuel  system  thermal 
management  models.  These  models  established 
recirculation  flow  requirements  and  temperatures 
throughout  the  fuel  system.  With  the  fuel  heat  sink 
requirements  determined,  relative  sizing  of  the  fuel 
system  components  was  performed  to  establish  payoffs  in 
terms  of  reduced  weight  that  would  be  realized  with  high 
temperature  fuel  development. 

It  should  be  noted  that  there  is  little  definitive 
information  relative  to  the  future  levels  of  airframe  heat 
loads.  ConsequenUy,  projections  were  made  based  on 
heat  loads  near  the  levels  projected  for  the  prototype  of 


the  next  generation  of  tactical  fighter  aircraft.  Only  JP 
fuels  were  considered  in  this  study.  Hndothermit  fuels 
were  not  addressed.  Missions  investigated  were  limited 
to  the  more  conventional  advanced  military  tactical 
missions.  Special  missions  with  very  high  speed 
requirements  (greatei  than  Mach  3.0)  were  not 
considered.  Although  P&W’s  technology  plan  calls  for 
the  development  and  demonstration  of  magnetic 
bearings  in  IHPTET  Phase  III,  in  this  study  high 
temperature  liquid  lubricants  and  conventional  high 
speed  bearings  were  assumed. 

3.1  Advanced  Applications  /  Missions 

The  significant  propulsion  system  improvements 
realized  from  the  IHPTET  initiative  will  result  in  lighter 
weight,  smaller  diameter  engines  and  lower  takeoff  gross 
weight  (TOGW)  aircraft.  Reduced  drag  associated  with 
these  smaller  aircraft  will  allow  sustained  flight  at  much 
higher  speeds  and  require  future  aircraft  and  propulsion 
systems  to  operate  in  much  harsher  thermal 
environments.  To  determine  the  impact  of  these 
environments  on  required  fuel  temperature  capability, 
this  study  evaluated  the  advanced  missions  shown  in 
Table  2. 

4.0  FACTORS  INFLUENCING  FUEL 
TEMPERATURE  REQUIREMENTS 

4.1  Airframe  Heat  Loads 

The  levels  of  heat  loads  generated  by  future  aircraft  are 
unclear  at  this  lime  but  an  extrapolation  of  operational 
systems  indicates  that  the  fuel  will  be  required  to  absorb 
much  greater  thermal  loads.  Figure  1  shows  the 
historical  trend  of  airframe  heat  load  for  typical  two- 
engine  Air  Force  Fighters  as  well  as  projections  for  the 
ATF.  The  increasing  levels  of  heat  generated  can  be 
attributed  to  a  number  of  factors.  These  include  more 
stringent  missions  which  results  in  higher  airframe  skin 
temperatures,  the  increased  hydraulic  system 
requirements  associated  with  large  control  surfaces,  and 


TABLE  2  -  Advanced  missions  sel  ected  for  study 

IHPTET  Technology  Phase 
_ | _ II _ _IH 

Advanced  Tactical  Fighter  (ATF)  X 

Advanced  Navy  Fighter  (ANF)  X 

Mach  2.5  Air  Superiority  Fighter  (ASF)  X  X 

Mach  1 .5  Lightweight  Fighter  (LWF)  X  X 
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FIG.  1  --  Historical  trend  of  airframe  heat  load  (per  engine) 


the  requirement  to  provide  cooling  for  environmental 
control  systems  and  advanced  airframe  avionics. 

4J  Propulsion  System  Heat  Loads 

The  propulsion  system  cycles  used  in  this  study  reflect 
the  IHPTET  trend  of  increased  capability  through  higher 
operating  speeds,  pressures  and  temperatures.  These 
cycles  have  been  optimized  to  meet  the  individual 
requirements  of  each  mission.  For  example,  the  ASF 
and  LWF  missions  require  propulsion  systems  with  high 
specific  thrust  (thrust-per-pound  of  airflow). 
Accordingly,  these  engines  have  high  fan  pressure  ratios 
(6.0-8.0)  and  low  bypass  ratios  (0.1 -0.3).  The  engine 
operating  pressure  ratios  for  the  ASF  engines  are  lower 
than  those  for  the  LWF.  This  reflects  the  requirement  to 
avoid  compressor  discharge  temperature  limits  at  the 
higher  cruise  Mach  numbers  of  that  mission.  The 
propulsion  systems  for  both  of  these  missions  will  have 
turbine  temperatures  which  are  316  to  371°C  higher 
than  current  engines.  In  addition,  the  engine  rotational 
speeds  for  the  Phase  II  propulsion  systems  are 
approximately  5%  higher  than  current  engines  while  the 
Phase  III  speeds  are  12%  to  20%  greater. 

The  mission  for  the  ANF  application  includes  an 
extended  loiter  requirement  A  major  goal  of  advanced 
Navy  systems  will  be  to  extend  the  time-on-stadon 
capability  at  the  loiter  condition.  This  requirement 
places  a  premium  on  propulsion  systems  with  reduced 
fuel  consumption.  As  a  result,  the  engine  has  a  higher 
operating  pressure  ratio  and  more  moderate  bypass  ratio 
than  the  cycles  selected  for  the  ASF  and  LWF.  While 


the  rotational  speeds  for  the  engine  will  be  similar  to  the 
ASF  and  LWF,  turbine  temperatures  for  this  application 
are  149°C  lower. 

The  higher  rotor  speeds,  internal  gas  path  pressures  and 
temperatures  of  the  propulsion  system  cycles  just 
described  are  the  primary  factors  effecting  engine  heat 
generation.  Increased  speeds  will  translate  to  higher 
tangential  velocity  and  friction  between  moving 
components  like  gears,  seals  and  bearings.  Lubrication 
system  heat  generation  will  also  be  higher  due  to 
increased  lubricant  shear  and  churning.  The  result  will 
be  higher  lubricant  temperatures  and  a  requirement  for 
greater  fuel  heat  sink  capacity. 

5.0  THERMAL  MANAGEMENT  MODELS 

5.1  Overview 

The  propulsion  system  heat  loads,  as  well  as  the  fuel, 
lube  oil  and  hydrculic  fluid  temperatures  are  determined 
and  maintained  within  design  limits  by  the  Integrated 
Thermal  Management  System.  The  model  uses  system 
requirements  and  operating  limits  determined  by  aircraft 
operations,  engine/airframe  equipment  and  the  physical 
and  chemical  properties  of  (lie  system  fluids.  Aircraft 
operations  take  into  account  the  flight  envelope  and 
aircraft  mission.  Engine  equipment  includes  the 
bearings,  seals,  gearbox  mechanical  requirements, 
fuel/oil/hydraulic  pumps  and  engine  controls.  Airframe 
equipment  affecting  system  requirements  include 
avionics,  the  cockpit  environmental  control  system  and 
the  flight  control  surface  hydraulic  system. 


Engine  fuel  is  the  principal  heat  rejection  medium.  In 
addition  to  the  heat  generated  by  the  fuel  system 
components,  heat  is  transferred  to  and  from  the  fuel  by  a 
complex  system  incorporating  fuel/oil  and  fuel/air  heat 
exchangers.  In  the  systems  studied,  heat  rejected  to  the 
fuel  is  cither  burned  or  recirculated  back  to  the  airframe 
fuel  tank  after  passing  through  an  airframe  mounted 
fuel/air  heat  exchanger. 

The  key  assumptions  made  in  the  generation  of  this 
model  include: 

•  Temperature  of  the  fuel  in  the  tank  is  43°C.  The 
study  assumes  that  future  systems  with  higher 
Mach  number  cruise  requirements  will  have 
increased  insulation  to  maintain  this  fuel 
temperature  in  the  tank. 

•  Increased  temperature  capable  oil  and  hydraulic 
fluids  will  be  available  for  use  with  the  higher 
temperature  capable  fuel. 

•  The  fuel  system  components  in  this  study,  e.g. 
fuel  lines,  fuel  pumps,  heat  exchanger 
components  and  fuel  nozzles,  have  all  been 
assumed  to  have  adequate  temperature  capability. 

•  Fuel  will  be  used  as  the  engine  hydraulic  fluid 
which  eliminates  the  need  for  an  engine 
fuel/hydraulic  fluid  heat  exchanger. 

•  For  the  IHPTET  Phase  I  system  studied,  airframe 
heat  loads  in  the  range  of  3,000  to  3,700 
Btu/minute  per  engine  were  assumed  depending 
on  the  flight  condition.  For  the  IHPTET  Phase  II 
and  ill  systems,  an  airframe  heat  load  of  4,000 
Btu/minute  per  engine  was  assumed  at  all  flight 
conditions. 


$2  Fuel  Recirculation  System 

The  fuel  recirculation  system  assumed  in  this  study  is 
very  similar  to  systems  used  in  the  latest  generation  of 
tactical  fighter  aircraft.  A  sensor  indicates  when  fuel 
temperature  limits  are  being  reached  and  a  fuel 
recirculation  vaive  opens.  Fuel  in  greater  amounts  than 
is  required  for  operation  of  the  engine  is  routed  through 
the  fuel  system  to  provide  a  sufficient  heat  sink  for  the 
airframe  and  engine.  The  hot  fuel  not  used  for  engine 
combustion  is  routed  through  the  recirculation  valve  to  a 
fuel/air  heat  exchanger  before  being  reintroduced  into 
the  tank.  While  this  cooling  does  not  reduce  the 
returned  fuel  to  the  same  temperature  as  the  fuel  in  the 
tank,  the  system  does  minimize  the  heat-up  of  the  tank. 
Air  for  the  heat  exchanger  is  brought  in  through  an  inlet 
on  the  aircraft.  For  static  conditions  such  as  ground  idle 
where  recirculation  is  required,  a  flow  inducing  device  is 
used  to  bring  airflow  into  the  system. 

The  majority  of  the  fuel  recirculation  system  design 
responsibility  fails  to  the  airframer.  Based  on  an 
industry  survey,  baseline  fuel  recirculation  system 
weights  were  estimated  for  the  purpose  of  calculating 
potential  payoffs  for  advanced  fuels  development.  These 
estimated  weights  are  shown  in  Table  3. 

Development  of  high  temperature  fuel  capability  would 
realize  it's  greatest  payoff  if  sufficient  heat  sink  capacity 
could  be  generated  without  a  fuel  recirculation  system. 
For  the  next  generation  of  tactical  fighters,  elimination 
of  this  system  would  save  approximately  200  lb  of 
weight  in  the  airframe  and  engine.  As  heat  sink 
requirements  increase  in  the  future,  these  systems  will 
likely  weigh  even  more.  With  this  in  mind,  the  first 
approach  taken  in  this  study  was  to  identify  the  fuel 
temperature  capability  required  to  eliminate  the 
recirculation  system. 


TABLE  3  --  Estimated  fuel  recirculation  system  component  weights 

Component 

Weight 

Fuel/Air  Heat  Exchanger  (ono  per  engine) 

30  lb 

Fuel  Recirculation  Valve  (one  per  engine) 

101b 

Ram  Circuit  (Inlet,  Flow  inducer) 

1001b 

Plumbing,  Lines,  etc. 

20  lb 

Total  (single  engine  aircraft) 

160  lb 

Total  (twin  engine  aircraft) 

2001b 
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6.0  FLIGHT  CONDITIONS  AND  MISSIONS 

The  following  five  flight  conditions  were  considered 
when  determining  maximum  fuel  temperature 
requirements  for  selected  IHPTET  missions: 

1. )  Ground  Idle 

2. )  Subsonic  Cruise 

3. )  Supersonic  Cruise 

4. )  Idle  Descent 

5. )  Loiter 

Ground  idle  and  loiter  were  selected  because  these  are 
conditions  where  the  engine  operates  at  very  low  levels 
of  fuel  flow  and  require  high  levels  of  recirculation  flow 
or  high  fuel  temperature  capability  to  achieve  the 
necessary  heat  sink.  The  high  flight  speeds  associated 
with  supersonic  cruise,  while  providing  a  higher  level  of 
fuel  flow  to  act  as  the  heat  sink,  also  result  in  more 
stringent  operating  temperatures  for  the  fuel  system. 
Somewhere  in  between  these  two  extremes  are  the 
subsonic  cruise  flight  points  that  combine  moderate 
levels  of  fuel  flow  and  operating  temperatures 

The  final  flight  condition  considered  was  idle  descent 
This  occurs  when  the  pilot  in  order  to  reduce  flight 
speed  and  altitude,  cuts  engine  power  to  an  idle  setting. 
When  this  happens  after  a  supersonic  flight  point  the 
worst  case  combination  of  low  fuel  flow  and  high 
operating  temperatures  is  encountered.  These  are 
transient  conditions  since  the  thermal  environment 


be  somewhat  higher  than  if  transient  models  had  been 
available  for  use. 

The  five  flight  conditions  described  previously  were, 
investigated  for  the  following  three  missions: 

1. )  IHPTET  Phase  I  Advanced  Tactical  Fighter 

2. )  IHPTET  Phase  II  Air  Superiority  Fighter 

3. )  IHPTET  Phase  III  Lightweight  Fighter 

Results  of  the  first  phase  of  this  study  indicated  idle 
descent  was  the  flight  condition  where  maximum  fuel 
temperatures  were  encountered.  Ground  idle  was  also 
considered  to  be  a  critical  condition  since  this  is  the 
sizing  point  for  the  recirculation  system.  Consequently, 
only  these  two  flight  points  were  considered  for  the  final 
three  missions  studied: 

4. )  IHPTET  Phase  II  Advanced  Navy  Fighter 

5. )  IHPTET  Phase  II  Lightweight  Fighter 

6. )  IHPTET  Phase  III  Air  Superiority  Fighter 

In  the  study  results  which  follow,  maximum  fuel 
temperatures  were  established  for  systems  without  fuel 
recirculation.  Airframe  heat  loads  in  the  range  of  3,000 
to  4,000  Btu/min  were  used  because  they  are  in  the  range 
anticipated  for  the  prototype  of  the  next  generation  of 
tactical  fighter  aircraft.  Table  4,  for  example,  shows  the 
sources  and  levels  of  heat  that  the  fuel  must  absorb  at  the 
supercruise  flight  condition. 


TABLE  4  --  Summary  of  fuel  heat  loads  (Btu/min)  for  Supercruise  flight  condition 


IHPTET  Phase/Mission 
l/ATF _ H/ASF _ lll/LWF 


Hydraulic  System 

1253 

1061 

156 

Main  Fuel  Pump 

4466 

1959 

3055 

Airframe 

3650 

4000 

4000 

Bearing  Lube  System 

4319 

5130 

8534 

Misc. 

1053 

954 

672 

Total 

14741 

13104 

16417 

becomes  less  severe  as  flight  speed  decreases.  The 
thermal  management  models  used  in  this  study  are 
steady  state  models  and  do  not  handle  conditions  such  as 
these  in  a  transient  manner.  The  idle  descent  points 
were  still  felt  to  be  critical  to  defining  fuel  temperature 
requirements  and  for  this  study  were  investigated  using 
the  steady  state  models.  Estimated  maximum  fuel 
temperatures  determined  at  these  flight  conditions  may 


7.0  STUDY  RESULTS 

Fuel  requirements  for  the  missions  discussed  in  the 
following  paragraphs  are  based  on  fixed  ?i. frame  heat 
loads  and  no  recirculation  system. 
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7.1  IHPTET  Phase  I  Advanced  Tactical  Fighter 
Mission 

For  an  IHPTET  Phase  I  propulsion  system  in  an  ATF 
mission,  Figure  2  shows  that  without  recirculation, 
current  fuels  (JP-4,  JP-8)  with  163°C  capability  would 
have  insufficient  heat  sink  at  all  flight  conditions  except 
supersonic  cruise.  Fuel  temperature  capability  was  then 
allowed  to  vary  until  sufficient  heat  sink  capacity  was 
provided.  Table  5  indicates  a  fuel  temperature  capability 
of  approximately  346°C  would  be  necessary  to  provide 
the  heat  sink  needed  for  the  idle  descent  flight  condition. 


7.2  IHPTET  Phase  II  Air  Superiority  Fighter  (ASF) 
Mission 

As  with  the  ATF  mission,  the  ASF  mission  exhibits 
maximum  fuel  temperatures  at  the  gas  generator  inlet  for 
all  flight  conditions  except  supersonic  cruise.  At  this 
high  speed  flight  point,  fuel  in  the  actuators  is  absorbing 
heat  because  of  the  high  ambient  wall  temperatures.  As  a 
result,  maximum  fuel  temperatures  during  supersonic 
cruise  are  encountered  in  the  hydraulic  loop. 

Fuel  temperatures  were  determined  at  the  boost  pump. 


B  H«at  Sink  163°C  Pud  □  H«at  Sink  346°C  Fuel  B  Total  Heat  Load 


Ground  Idle  Subsonic  Supersonic  Idle  Loiter 

Cruise  Cruise  Descent 


FIG.  2  -  IHPTET  Phase  I  ATF  Mission  -  heat  load  vs.  heat  sink 


This  capability  would  result  in  an  excess  heat  sin?: 
capacity  for  all  other  flight  conditions,  although  the 
margin  is  relatively  small  at  subsonic  cruise  conditions. 
Fuel  with  this  capability  would,  however,  require  a 
bearing  lubrication  fluid  capability  of  approximately 
349°C. 

Table  5  shows  that  maximum  fuel  temperatures  are 
encountered  at  the  gas  generator  inlet  for  all  flight 
conditions  except  supersonic  cruise.  For  this  high  speed 
flight  point,  the  increased  actuator  adiabatic  wall 
temperature  results  in  a  heat  gain  for  the  fuel  and  a 
maximum  fuel  temperature  in  the  hydraulic  system  loop. 
Conversely,  the  low  speed  subsonic  flight  points  have  an 
adiabatic  wall  temperature  lower  than  the  fuel 
temperature,  resulting  in  a  fuel  temperature  drop  across 
the  hydraulic  system.  Simply  put,  at  the  low  speed  flight 
conditions,  the  hydraulic  system  actuators  act  as  a 
fuel/air  heat  exchanger. 


main  fuel  pump,  gas  generator  and  hydraulic  system 
return  for  the  live  flight  conditions  studied.  The 
maximum  fuel  temperature  was  340°C  at  the  gas 
generator  during  the  idle  descent  flight  condition. 
Figure  3  shows  that  at  an  IHPTET  Phase  II  engine 
technology  level,  current  fuels  would  be  unable  to 
provide  the  required  heat  sink  at  all  ASF  mission  flight 
conditions  investigated.  For  this  mission,  the 
requirement  for  a  Mach  2.5  descent  at  idle  power  sets 
the  need  for  a  340°C  capable  fuel  if  the  required  heat 
sink  is  to  be  provided  without  recirculation.  This  is  by 
far  the  most  difficult  condition  in  (his  mission  and 
requires  fuel  temperature  capability  over  38°C  higher 
than  the  other  flight  points.  This  is  reflected  by  the 
excess  heal  sink  capacity  which  results  when  a  340°C 
fuel  is  used  at  the  other  flight  conditions. 
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TABLE  5  --  IHPTET  Phase  I  Advanced  Tactical  Fighter  Mission  - 
fuel  and  oil  temperatures  without  fuel  recirculation 


Temperature,  “C 


Component 

Ground 

Idle 

Subsonic 

Cruise 

Supersonic 

Cruise 

Idle 

Descent 

Loiter 

Boost  pump  in 

197 

178 

67 

226 

124 

Boost  pump  out 

207 

193 

71 

244 

133 

Main  pump  in 

219 

230 

84 

293 

167 

Main  pump  out 

239 

263 

107 

324 

190 

Fuel  to  GG 

238 

287 

130 

346* 

214 

Hyd  system  return 

223 

256 

148 

317 

207 

Oil  in 

237 

302 

156 

347 

227 

Oil  out 

239 

294 

127 

340 

215 

*  Maximum  fuel  temperature 


9  Heat  Sink  163°C  Fuel  CU  Heat  Sink  340°C  Fuel  B  Total  Hnat  Load 


Ground  Subsonic  Supersonic  Idle  Loiter 

Idle  Cruise  Cruise  Descent 


FIG.  3  -  IHPTET  Phase  II  ASF  Mission  -  heat  load  vs.  heat  sink 


7.3  IHPTET  Phase  in  Lightweight  Fighter  (LWF) 
Mission 

For  a  LWF  mission  using  IHPTET  Phase  III  technology 
level  engines,  Figure  4  indicates  inadequate  heat  sink 
capacity  at  all  flight  points  in  the  mission  except 
supersonic  cruise.  Idle  descent  is  again  the  flight 
condition  which  sets  the  maximum  fuel  temperature 
requirement.  In  this  case,  an  449°C  capable  fuel  would 
be  necessary  to  provide  the  heat  sink  capacity  without 
recirculation. 


A  significant  difference  between  the  LWF  and  the  ASF 
application  is  that  maximum  fuel  temperature  is 
encountered  not  at  the  gas  generator  inlet,  but  instead  at 
the  exit  of  the  fuel  boost  pump.  This  occurs  because  of 
the  lower  engine  cycle  overall  pressure  ratio  selected  for 
the  LWF.  Engines  operating  at  altitude  idle  flight 
conditions  often  must  run  at  higher  idle  power  settings 
than  is  necessary  for  the  mission.  This  is  required  so  the 
engine  can  provide  sufficient  engine  bleed  air  pressure  to 
meet  airframe  power  requirements.  The  ASF  engines 
have  lower  engine  pressure  ratio*!  than  the  LWF  engines. 
As  a  result,  the  ASF  engines  must  run  to  higher  idl; 
power  settings  to  meet  this  bleed  pressure  requirement. 


FIG.  4  -  IHPTET  Phase  III  LWF  Mission  ■  heat  load  vs.  heat  sink 


Because  of  this,  the  ASF  propulsion  systems  have  7.4  Oth"r  Missions  Investigated 

approximately  twice  the  fuel  flow  to  absorb  the  same 

4000  Btu/min  airframe  heat  load  as  do  the  LWF  engines.  For  the  final  three  missions  studied,  only  the  idle  descent 

Consequently,  the  fuel  entering  the  LWF  engines,  and  ground  idle  flight  conditions  were  investigated, 

following  heat  pickup  from  the  airframe,  is  at  a  Table  6  summarizes  the  fuel  temperatures  at  idle  descent 

significantly  higher  temperature  than  the  ASF  mission.  for  all  the  missions  investigated.  Out  of  all  of  the 

In  fact,  the  boost  pump  fuel  temperatures  for  the  idle  missions  investigated,  the  Advanced  Navy  Fighter 
descent  and  subsonic  cruise  flight  conditions  are  such  (ANF)  exhibited  the  highest  maximum  fuel  temperature 

that  the  remainder  of  the  fuel  system  has  a  net  heat  loss.  (466°C).  Like  the  LWF  mission,  this  can  be  traced  to 

This  is  again  the  result  of  heat  being  lost  from  the  fuel  in  the  optimum  propulsion  system  cycle  that  has  a  high 

the  hydraulic  system  loop.  operating  pressure  ratio  (OPR)  for  good  fiiel 

consumption  characteristics.  This  cycle  allows  the 
engine  to  run  to  very  low  idle  fuel  flows  and  as  a  result. 


TABLE  6  --  Fuel  temperatures  for  Idle  Descent  without  fuel  recirculation 


IHPTET  Phase/Mission 


Temperature,  °C 
Component 

1 

ATP 

II 

ANF 

II 

ASF 

II 

LWF 

III 

ASF 

III 

LWF 

Boost  pump  in 

226 

412 

223 

387 

238 

421 

Boost  pump  out 

244 

466* 

252 

437* 

254 

449* 

Main  pump  in 

293 

303 

295 

291 

318 

335 

Main  pump  out 

324 

313 

312 

299 

341 

349 

Fuel  to  GG 

346* 

322 

341* 

311 

376* 

365 

Hyd.  sys.  return 

317 

259 

313 

249 

341 

304 

Oil  in 

347 

326 

362 

317 

399 

374 

Oil  out 

341 

323 

343 

312 

379 

372 

*  Maximum  fuel  temperature 


creates  very  high  fuel  temperatures  when  absorbing  the 
airframe  heat  load.  Similar  to  the  LWF  mission,  the 
remainder  of  the  fuel  system  has  a  net  heat  loss.  Here 
again,  the  actuators  are  acting  as  a  fuel/air  heat 
exchanger  with  the  fuel  showing  a  significant  reduction 
in  temperature  across  the  hydraulic  system  loop. 


drive  heat  loads  up  even  further  and  because  several 
other  factors  will  limit  the  usable  fuel  temperatuic 
capability: 

•  Future  levels  of  airframe  heat  load  can  only  be 
roughly  approximated  based  on  little  definite 


TABLE  7  ~  Fuel  temperatures  for  Ground  Idle  without  fuel  recirculation 


Temperature,  °C 
Component 

1 

ATF 

It 

ANF 

IHPTET  Phase/Mission 

II  II 

ASF  LWF 

III 

ASF 

III 

LWF 

Boost  pump  in 

197 

196 

149 

106 

158 

113 

Boost  pump  out 

207 

221 

167 

116 

168 

118 

Main  pump  in 

219 

213 

172 

131 

187 

147 

Main  pump  out 

239* 

221 

180 

138 

198 

161 

Fuel  to  GG 

238 

233* 

200* 

161* 

222* 

193* 

Hyd.  sys.  return 

223 

206 

176 

154 

201 

184 

Oil  in 

237 

245 

227 

206 

247 

237 

Oil  out 

239 

236 

207 

176 

226 

203 

*  Maximum  fuel  temperature 


Comparison  of  predicted  temperatures  for  the  Phase  II 
aad  FII  ASF  and  LWF  yielded  expected  results.  The 
higher  speeds  and  lower  fuel  flows  of  the  Phase  III 
propulsion  systems  result  in  increased  fuel  temperatures. 
The  differences  are  not  large  since  the  same  mission 
profile  and  airframe  heat  loads  were  considered  in  both 
phases. 

The  results  for  ground  idle  are  shown  in  Table  7.  While 
this  flight  condition  has  significandy  lower  fuel 
temperatures  than  idle  descent,  it  is  critical  for  sizing  the 
recirculation  system.  These  results  provide'1  a  baseline 
for  the  next  phase  of  the  study  which  focused  on  fuel 
recirculation  requirements  in  a  parametric  manner. 


7.5  Feasibility  Of  Eliminating  The  Recirculation 
System 

Table  8  shows  the  maximum  fuel  temperatures 
er  countered  with  no  fuel  recirculauon  for  each  mission 
studied.  These  are  compared  to  the  IHPTLT  goals  for 
high  temperature  fluid  development  presented  earlier  in 
Table  1.  Realization  of  technologies  to  reach  these  fuel 
temperature  capabilities  will  still  probably  not  allow 
future  tactical  fighters  to  eliminate  the  recirculation 
system.  This  is  because  a  number  of  factors  are  likely  to 


information.  New  (rending  indicates  that  future 
heat  loads  will  significantly  exceed  the  3,000  to 
4,000  BtuAnin  used  in  the  first  phase  of  this 
study.  This  means  that  without  recirculation, 
even  higher  fuel  temperatures  than  were  projected 
in  this  study  could  result. 

•  For  a  twin-engine  aircraft,  some  kind  of 
contingency  plan  for  a  one-engine  out  situation 
needs  to  be  considered.  Ibis  situation  would 
require  the  fuel  system  of  the  remaining 
operational  engine  to  handle  the  entire  airframe 
heat  load.  Recirculation  provides  a  way  to  handle 
(his  type  of  situation. 

•  No  matter  how  much  fuel  capability  is  increased, 
fuel  temperature  will  suit  have  to  he  kept  at  a 
lower  level  than  oil  and  hydraulic  fluids  to  insure 
outflow  of  heat  from  these  systems.  For  this 
reason,  any  fuel  temperature  capability  above  the 
development  goals  for  these  other  fluids  will  not 
be  usable  in  a  conventional  tactical  fighter  fuel 
system. 

•  Considerable  technology  development  in  ihc  area 
of  fuel  system  components  is  required.  A  prime 
example  is  uie  fuel  pump.  A  survey  indicated 
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current  pumps  can  handle  maximum  t'uc-l 
temperatures  slightly  above  1 16°C.  The  first 
phase  of  this  study  indicated  fuel  pump 
temperatures  of  up  to  449"C  for  some  of  the 
missions  investigated.  This  would  require  a 
significant  increase  in  pump  material  temperature 


Fuel  recirculation  requirements  as  a  function  of 
maximum  fuel  temperature  and  airframe  heat  load  for 
the  1HPTKT  Phase  II  ASF  mission  at  a  ground  idle  flight 
condition  is  shown  in  Figure  5.  Table  9  summaries  the 
results  of  this  parametric  study  for  six  missions  spanning 
IHPTET  Phases  I,  II,  and  III  using  the  P&W  fuel 


TABLE  8  -  Maximum  fuel  temperatures  relative  to  P&W  IHPTET  fluid  development 

goals 

IHPTET  Phase/Mission 

IHPTET 

IHPTET 

IHPTET 

Phase  1 

Phase  II 

Phase  III 

ATF 

ANF 

ASF 

LWF 

ASF  LWF 

Max  Fuel  Temperature 

346 

466 

340 

437 

376  449 

With  No  Recirculation,  °C 

Fluid  Development  Goals 

Fuel,  °C 

218 

288 

371 

Liquid  Lubricant,  °C 

204 

329 

371 

capability  as  well  as  pump  designs  to  preclude 
cavitation  at  these  elevated  fuel  temperatures. 

7.6  Payoff  For  High  Temperature  Fuel  Development 

The  first  phase  of  this  study  indicates  that  elimination  of 
the  fuel  recirculation  system  may  not  be  feasible.  The 
second  phase  of  the  study,  however,  shows  how  high  fuel 
temperature  capability  cart  minimize  the  weight  penalty 
associated  with  fuel  recirculation.  Since  future  levels  of 
airframe  heat  load  are  unclear,  a  parametric  study  for 
each  of  the  missions  of  interest  was  performed.  The 
parametric  looked  at  fuel  recirculation  requirements  for 
different  levels  of  fuel  temperature  capability  anJ 
airframe  heat  load. 

A  second  parametric  was  performed  to  show  the 
potential  weight  payoff  for  reducing  recirculation  flow. 
The  resuits  of  the  first  parametric  were  used  in  the 
second  parametric  to  do  a  relative  sizing  of  a  fuel 
recirculation  system  component.  The  recirculation 
system  component  selected  was  the  fuel/air  heat 
exchanger.  Since  ground  idle  is  the  critical  flight 
condition  for  sizing  the  fuel  recirculation  system,  the 
parametric s  were  performed  at  that  condition.  It  should 
be  emphasized  that  the  fuel/air  heat  exchanger  is  the 
design  responsibility  of  the  airframer  and  the  estimates 
made  here  by  P&W  are  used  to  show  relative  component 
weight  improvements. 


temperature  goals  and  a  best  guess  of  airframe  heat  loads 
for  future  tactical  fighters.  The  airframe  heat  loads 
shown  in  Table  9  reflect  new  trending  which  indicates 
that  future  heat  loads  will  significantly  exceed  the  3,000 
to  4,000  Btu/min  used  in  the  first  phase  of  this  study. 
The  new  values  are  a  best  guess  and  are  considered 
extremely  conservative. 

Table  9  suggests  that  achievement  of  P&W's  fuel 
development  goals  will  allow  the  system  to  operate  with 
significantly  reduced  or  with  no  fuel  recirculation  at 
ground  idle.  Earlier  results  indicated  that  fuel 
recirculation  would  be  required  at  the  idle  descent  flight 
condition  even  with  high  temperature  fuel  capability 
Again,  the  explanation  for  this  may  be  that  the  idle 
descent  requirements  identified  earlier  are  estimates  of 
transient  conditions  using  a  steedy  state  model.  As  a 
result,  the  estimated  idle  descent  fuel  heat  sink 
requirements  may  be  too  high.  Despite  this,  the  trend 
established  here  of  significantly  reduced  recirculation 
flow  should  apply  at  both  flight  conditions. 

8,0  CONCLUSIONS 

Based  on  this  investigation,  the  following  conclusions 
can  be  made: 

•  Payoff  studies,  the  projection  of  future  fuel  system 
capabilities  and  (he  temperature  development 
goals  for  other  fluids  indicate  that  the  following 


i 


I 


4 


i 


i 


4 


1 


Ground  Idl 


— ■ -  3,700  Btu/mln 

— □ -  5,000  Btu/mln 

— ♦ -  6,036  Blu/mln 

— 0 -  8,000  Btu/mln 

— * -  10,000  Btu/mln 

— O -  12,000  Btu/mln 


177  204  232  260  288  31 

Fuel  Temperature  Limit,  °C 


Fuel  recirculation  requirements  for  IHP'IET  Phase  II  ASF  Fighter  Mission 


TABLE  9  --  Summary  of  recirculation  flow  requirements  at  ground  idle 


IHPTET 


Fuel 

Capability 


Airframe 
Heat  Load 


Fuel 

Recirculation 


Advanced  Tactical  Fighter  163 

218 

5,000  62 

20 

1  Air  Superiority  Fighter  163 

288 

8,000  55 

00 

1! 

Advanced  Navy  Fighter 

1G3 

288 

8,000 

55 

07 

II 

Lightweight  Fighter 

163 

8,000 

31 

288 

00 

III 

Air  Superiority  Fighter 

163 

10,000 

78 

371 

no 

III 

Lightweignt  Fighter 

16L' 

10,000 

69 

371 

00 

*  Values  shown  are  current  capability  tolkiwed  by  development  goal  for  each  phase 

are  reasonable  advanced  JP  fuel  development 
goals: 

Max  f  uel  Temperature 


IHPTET  Phase  I 
IHPTET  Phase  II 
IHPTET  Phase  III 


Achievement  of  these  goals  will  not  likely 
eliminate  the  requirement  for  a  fuel  recirculation 
system  for  future  tactical  fighters. 

Achievement  of  these  goals  will  permit  a 
significant  reduction  in  the  si/e  and  weight  of  the 
fuel  recirculation  system. 
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•  Increasing  heat  loads  on  the  fuel  and  the  desire  to 
minimize  the  penalty  associated  with  the 
recirculation  system  demands  that  higher  fuel 
temperature  capability  be  developed.  While  the 
engine  itself  will  realize  little  weight  savings,  the 
benefit  to  the  total  airframe  and  propulsion  system 
would  be  significant.  The  fact  that  fuel  is  a 
critical  component  to  gas  turbine  operation  makes 
the  IHPTET  initiative  a  logical  vehicle  for  the 
development  of  advanced  fuels. 


Discussion 


Question  1.  W.  Dodds 

You  talked  about  higher  temperature  fuels.  What  is  your  measure  of  fuel  stability  —  JFTOT? 

Author's  Kepis 

Candidate  thermal  stability  improving  additives  are  added  to  a  reference  fuel.  The  thermal  stability  properties  of  the  candidate 
formulations  are  compared  to  that  of  the  JP-Thermally  Stable  fuel  in  a  variety  of  experimental  static  and  dynamic  tests.  JP- 
Thermally  Stable  fuel  was  selected  as  the  target  because  it  is  the  fuel  used  in  the  U-2.  In  the  U-2,  it  is  subjected  to  temperatures  in 
excess  of  425  degrees  F  without  exhibiting  fouling  or  coking.  Therefore,  if  an  additive  formulation  can  duplicate  the  thermal 
stability  characteristics  of  JP-Thermally  Stable,  then  we  can  ,ay  that  we  have  a  425  degree  F  formulation. 
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The  thermal  stability  of  the  aviation  fuels 
is  evaluated  according  to  the  ASTM  D  2341 
method.  This  characteristic  is  linked  to  the 
presence  of  the  generators  of  instability, 
mainly  diolephins  and  N  and  S  derivates. 

The  objects  of  the  present  work  are:  the 
obtention  in  laboratory  of  kerosene  which  is 
thermally  stable,  the  isolation  and 
identification  of  the  generators  of 
instability  and  the  regeneration  of  the 
thermally  unstable  kerosenes. 

Keywords:  Kerosene,  thermal  stability, 
percolation  and  break  point. 


1.  INTRODUCTION 

The  fuels  used  in  aviation  are  a  mixture  of 
hydrocarbons  obtained  by  distillation  of 
petroleum  crudes  followed  by  refinement.  In 
addition  to  the  mentioned  products  and 
during  the  distillation  phase  related  to  the 
kerosene  (  2nd  lateral  current,  150  to 
2609c.),  other  types  of  compounds  appear 
whose  presence  is  due  to  eiti  er  their 
existence  in  the  oil  or  to  contamination  by 
slops.  The  said  compounds  are  mainly 
derivatives  of  sulphur,  nitrogen  and  oxygen. 

These  compounds,  together  with  diolephines 
and  polynuclear  aromatics,  are  those  which 
create  the  thermal  instability  problems. 

The  chemical  reactions  contributing  to  the 
decomposition  of  the  fuel  have  been  widely 
studied.  Generally,  these  reactions  occur 
through  oxidization  processes  forming 
hydroperoxides  and  peroxides.  There  is  a 
nucleation  process  followed  by  growth  of 
deposits  and  gums  which  create  obstruction 
problems  in  filters  and  xnjectorB. 

The  principal  test  for  determining  this 
property  of  aviation  fuels  is  the  thermal 
stability  test  (ASTM  D  2341).  It  consists  of 
passing  kerosene,  during  150  minutes  and 
with  a  flow  rate  of  3  mL/min.,  first 
through  an  aluminum  heating  tube  and  after 
through  a  stainless  steel  filter  with  a 
porosity  of  17vm,  where  the  fuels 
deterioration  products  are  deposited. 

The  test  is  carried  out  at  2600C.  and  shows 
the  tendency  of  reactor  fuels  to  deposit 
deterioration  products  in  the  engine  supply 
system. 


2.  OBTENTION  OF  KEROSENES  OF  HIGH  THERMAL 
STABILITY 

With  this  pi:  pose  in  mind,  we  took  as 
starting  point  a  kerosene  which  we  called  A, 
hydrogened  but  not  additived. 

The  procedure  is  the  following:  by  means  of 
a  suitable  absorbent  medium,  an  attempt  is 
made  to  eliminate  the  potential  generators 
of  thermal  instability,  thus  obtaining  what 
could  be  termed  "ideal  kerosene".  This  is 
submitted  to  severe  test  conditions  in  order 
to  evaluate  its  thermal  resistance,  and  alco 
to  evaluate  the  action  of  4  additives. 

2.1  Elimination  of  the  generators  of 
thermal  instability 

The  kerosene  A  was  percolated  through 
neutral  alumina  which  had  been  previously 
activated  during  4  h.  at  4009c.  For  this  we 
used  a  OMNIFIT  column  of  500  mm  length  and 
with  an  interior  diameter  of  25  mm,  and  a 
pressure  regulation  mechanism  with  a 
manometer.  A  complete  specification  teBt 
was  carried  out  on  the  percolated  sample, 
giving  low  values  of  gums  (0.4  mg/100  mL ) , 
total  sulphur  (0.10%  mass),  olephins  (0.2% 
vol . ) ,  mercaptans  (0  ppm),  total  acidity 
(0.002  mg  KOH/cj)  and  nitrogen  <0  ppm). 

2.2  Ageing  at  increasing  temperatures 

The  specimen  obtained  was  subjected  to  an 
ageing  series  of  6  weeks  duration  with 
increasing  temperature.  The  results  obtained 
were : 


*  aix  weeks  at  60<>C 


SAMPLE 

ACIDITY 
<ag  KOH/gi 

KAP 

0.002 

KAP  *  24  ag/L  Ad.  I 

0.002 

KAP  *  24  ag/L  A.  2 

0.002 

KAP  ♦  24  ag/L  Ad.  3 

0.002 

THERMAL  STABILITY 
Press,  drop  Tube  aspect 

(aaHg) 


I  No  irid 
1  No  irid 
I  No  irid 
1  No  irid 


THERMAL  STAB  1 1  fY 
Press.  drop(aaHg)  .ube  aspect 


1  No  irid. 
1  No  irid. 
1  No  irid. 
1  Mo  irid. 
1  No  irid. 

1  No  irid. 


THERMAL  STABILITY 
Press.  drop(aaHg)  Tube  aspect 


1  No  irid. 
1  No  irid. 
1  No  irid. 
I  No  irid. 
I  No  irid. 

1  No  irid. 


KAP 

KAP  +  24  ag/L  Ad.l 

KAP  ♦  24  es/L  Ad. 2 

KAP  *  24  as/ L  Ad. 3 

KAP  ♦  5,7  ag/L  ADM 

KAP  ♦  24  ag/L  Ad.l  ♦ 
5,7  ag/L  MDA 


THERMAL  STABILITY 
Press.  drop(aaHg)  Tube  aspect 


1 

No 

irid. 

1 

No 

irid. 

1 

No 

irid. 

1 

No 

irid. 

1 

No 

irid. 

1 

No 

irid. 

In  this  ageing,  it  was  impossible  to 
determine  the  degree  of  acidity  because  of 
shortcomings  in  the  specimen  due  to 
evaporation  losses. 

The  abreviations  employed  correspond  to  the 
following  terms: 


KAP 
Ad.  1 
Ad.  2 
Ad.  3 
MDA 


"ideal  kerosene" 

2. 6 - di - ter t- butyl -4 -methyl  phenol 

2. 6 - di - ter t -butyl phenol 

2 , 4--di -methyl  -6 -ter  t-buty  1  phenol 
Metal  deactivator  additive:  N,N'- 
disal icy  1 idene-1 , 2-propanediamine 


As  can  be  seen  from  the  results,  the' 
percolated  kerosene  A  ("ideal”),  singly  or 
with  any  one  of  the  additives  incorporated, 
fulfills  the  thermal  stability  test'B 
requirements,  even  after  ageing  at  1503c 
during  6  weeks.  It  is  possible  to  affirm 
that  the  strong  stability  of  the  kerosene 
tested  is  due  to  the  absence  of  nitrogen 
derivatives  and  mercaptan  sulphur.  Finally, 
we  wish  tr  underline  the  fact  that  we  have 
not  found  any  bibliographic  reference 
mentioning  a  kerosene  that  overcomes  such 
severe  ageing. 


2.2.1  Determination  of  the  break  point 

The  break  point  concept  is  considered  as  a 
highly  useful  tool  having  two  possible 
applications: 

1. -  To  overcome  the  qualitative  criterion 

of  go/not  go  in  the  thermal  stability 
test . 

2. -  To  quantify  the  degree  of  treatment 

effectiveness  with  a  selective 
absorbent  medium,  with  a  view  to 
increasing  the  thermal  resistance  of  a 
given  fuel. 


Several  of  the  authors  consulted  consider  as 
break  point  that  temperature  in  which  the 
value  TDR  =  13  at  Mark  8  is  reached.  We 

shall  apply  this  criterion  to  the  "ideal 
kerosene"  obtained  in  2.1.  The  results 
obtained  were  the  following: 


*  Kerosene  A,  before  percolating 


TEMPERATURE  (»C) 

TDR 

BREAK  POINT  (»C) 

260 

1.5 

280 

8 

286 

290 

15 

300 

29 
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*  Kerosene  A,  after  percolation  through  a  neutral  alumina  (“ideal  kerosene*) 


TEMPERATURE  <»C) 

TOR 

BREAK  POINT  <»C) 

290 

5 

370 

120 

8 

(extrapolated) 

As  can  be  seen,  the  qualitative  jump 
obtained  in  the  thermal  stability  of  the 
kerosene  is  high.  We  consider  that  this  is 
the  appropriate  method  to  achieve  a  fuel 
with  a  high  thermal  resistance. 


3.  ISOLATION  AND  IDENTIFICATION  OF  THE 
GENERATORS  OF  THERMAL  INSTABILITY 

From  the  bibliographic  study,  knowledge  can 
be  derived  concerning  the  action  that  these 
compounds  exercise  upon  the  thermal 
stability  of  fuels,  as  well  as  their 
composition, which  principally  consists  of 
the  following: 

a)  Nitrogened  compounds  (aminics  and 
heteroatomics ) 

b)  Sulphur  compounds  (sulphurs,  disulphurs 
and  mercaptans) 

c)  Oxygened  compounds  (carboxilic  acids 
and  phenol ics) 

In  a  word,  basic  or  acidic  polar  compounds. 
The  operative  procedures  for  achieving  the 
two  objectives  of  this  point  are  described 
as  follows: 

3.1  Isolation 

Chromatography  in  column  has  been  selected 
as  the  technique  to  be  used.  The  starting 
point  was  an  thermically  unstable 
unhydrogened  kerosene,  which  from  this  point 
on  will  be  known  as  B,  with  high  values  of 
total  sulphur,  mercaptans,  nitrogen,  acidity 
and  gums. 

The  operative  procedure  was  the  following: 
5  L.  oi  kerosene  B  were  percolated  through 
an  OMNIF'IT  column  packed  with  230g  of 
previously  activated  neutral  aluminum  whicii 
acted  as  the  absorbent  medium.  Once  the  fuel 
was  percolated,  the  remaining  kerosene  was 
extracted  from  the  column  by  n-hexane  (1 
L. ) ,  then  a  disabsorption  of  the  stationary 
layer  of  the  polar  compounds  was  carried  out 
by  means  of  an  inversion  flow  and  using  a 
mixture  of  50:50  methanol /methylenech lor ide , 
isolating  the  said  polar  compounds  by  rota- 
vapor.  The  efficiency  was  of  1.18g/L  of 
kerosene. 

In  the  percolated  kerosene  the  instability 
disappeared,  in  both  pressure  drop  and  tube 
aspect.  Regarding  the  other  parameter!:,  the 
total  acidity  diminished  by  91%,  the 
mercaptan  sulphur  by  R6"o  and  the  nitrogened 
compounds  by  100%. 


3.2  Identification 

This  was  undertaken  using  a  combination  of 
various  instrumental  techniques:  classic 
column  chromatography  at  low  pressure, 
infra-red  spectroscopy,  gas  chromatography 
and  mass  spectroscopy.  The  method  was  the 
following : 

300  mg  of  polar  extract,  isolated  aB 
described  in  3.1  were  put  at  the  head  of  a 
chromatographic  column  of  250  mm  long  and 

6.2  mm  interior  diameter.  A  50:50  mixture  of 
previously  activated  silica  gel  and  neutral 
alumina  were  used  as  an  absorbent  medium. 
As  eluotropic  serie,  one  with  a  growing 
polarity  formed  by  the  following  dissolvents 
was  used: 

Pentane 

Pentane/carbon  tetrachloride  1:1 
Benzene/methylene  chloride  1:1 
Methylene  chloride/ether  ethylic  1:3 
Lther  ethylic/acetone  1:1 
Methanol 

Seven  fractions  were  collected  in  total,  and 
their  respective  masses  quantified  after  the 
dissolvents  were  dried  in  an  oven  during  48 
hours  at  60OC.  The  IR  spectrum  of  each  of 
the  7  fractions  was  obtained,  and  the 
presence  of  several  functional  groups  was 
detected  in  them  according  to  expectation. 
Logically,  this  technique  iB  approximative. 

G^s  chromatography  was  used  to  make  an 
exhaustive  identification  of  the  compounds 
included  in  each  fraction.  The  model 
employed  was  a  Perkin-Elmer  Auto  System 
connected  to  a  Perkin-Elmer  mass  detector, 
model  Q-Mass  910.  A  capillary  column  of 
methyl -phenyl  silicon  was  selected. 

Fcr  each  fraction,  specific  chromatographic 
conditions  were  selected,  and  once  optimized 
the  connection  column-camera  was  made  by 
means  of  the  transference  line.  The  mass 
detector  is  of  the  ion-trap  type,  with 
thermal  bombardment  of  electrons  at  80  eV 
and  a  vacuum  of  10'1  Torr.  A  Digital 
DeCstation  316  Sxcoi.iputer  was  used  for 
identifying  the  chromatography  peaks.  The 
mass  spectra  obtained  were  compared  to  those 
stored  in  a  NiST  collection  of  over  60.000 
spectrums.  A  total  of  58  compounds  were 
identified  with  an  approximation  of  over 
90%. 
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These  figures  show  an  example  of  the  methodology  followed. 
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In  this  case  the  TIC  corresponds  to  the 
fraction  eluted  with  pentane  of  the  numbered 
peaks,  number  11  was  the  one  selected,  and 
its  Bpectra  is  shown  in  the  figures.  The 
comparison  of  the  unknown  peak  and  the  NIST 
collection,  leads  to  the  identification  of 
peak  11  as  1,4,6  trymethyl  naphtalene. 

4.  REGENERATION  OF  THBRMALLY  UNSTABLE 
KEROSENES 

To  achieve  this,  we  started  from  a  non- 
hydrogenated  kerosene  called  B.  We  found  no 
specific  work  on  this  topic  in  the 
literature,  but  in  some  instances  the 
regeneration  problem  is  treated  using 
expensive  absorbents  at  laboratory  scale. 

On  our  part,  we  approached  the  problem 
studying  the  behaviour  of  three  different 
absorbent  clays  and  selecting  one  of  them  as 
the  most  suitable  through  a  process  of 
elimination.  Said  process  consisted  of  two 
stages  of  increasing  exhaustiveness  which  we 
will  now  proceed  to  describe. 

4.1  First  stage,  yield  assesssMnt 

The  object  of  this  is  to  carry  out  a  yield 
study  at  laboratory  scale  of  the  clays, 
evaluating  the  following  aspects: 

-  Elution  velocity  (operativity ) 

-  Optimum  granule 

-  Break  point  determination. 


The  method  was  the  following: 

Using  liquid  chromatography  in  column  at  low 
pressure  5  liters  of  kerosene  B  were 
percolated  through  a  glass  OMNIFIT  column  of 
500  mm  long,  and  25  mm  of  interior  diameter. 
This  was  completely  packed  with  the  clay 
under  study.  The  clay  had  been  dried 
previously  for  two  hours  at  1150C  to 
eliminate  the  humidity  present  which 
oscillated  between  values  of  7%  and  12%.  A 
pressure  of  lkg/cm'  was  applied.  In  the  break 
point  determination,  to  avoid 
extrapolations,  we  have  used  the  reference 
value  10  (instead  of  13)  in  che  TDR . 

The  results  obtained  are  shown  in  the 
following  page. 
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The  results  for  the  13  clays  were: 


Elut. velocity 
L/h 

Tesp. 

«C 

TOR 

Break  point 
<TDR-10,»C) 

Kero  B  before  percolating 

245 

8 

252,5 

260 

12 

Kero  B  after  percolation 

through: 

Calcic  bentonite>120 

0.2 

295 

6 

302,5 

310 

14 

Attapulgite  A  50/80 

1.3 

290 

6 

320 

305 

8 

Sepiolite  A  30/60 

1.4 

260 

1 

296 

300 

11 

E.  of  diatoa  A>120 

0.4 

260 

1 

282,5 

290 

13 

Attapulgite  B  40/60 

1.3 

290 

4 

302 

305 

12 

Sepiolite  B  60/120 

1.4 

305 

8 

310 

315 

27 

Sepiolite  C>120 

0.8 

260 

3.5 

280 

290 

13 

E.  of  diatos  B>120 

Leak 

E.  of  diatos  C>120 

Leak 

Attapulgite  C>120 

1 

260 

3 

286,5 

290 

11 

Bentonite>120 

Leak 

- — 

— 

— 

Saponite>120 

Leak 

E.  of  diatos  D>120 

0.4 

280 

5 

284 

300 

18 

Analyzing  the  results, the  following  can  be 
taken  into  consideration. 

a)  Operativity:  The  best  results  were 

obtained  for  clays  in 
the  range  40-120  mesh 
ASTM. 

b)  Break  point:  Outstanding  performance 

of  three  clays: 

-  Sepiolite  B  60/120 

-  Attapulgite  A  50/80 

-  Attapulgite  D  40/60 

4.2  Second  stage.  Efficiency  aBseaaa»nt 

This  consists  mainly  in  solving  the 
following  question  with  respect  to  the  clays 
selected:  what  volume  thermically 

unstable  kerosene  can  be  regenerated  per 
unit  of  mass  of  a  given  clay?  Or,  what  ib 
the  same  thing,  when  does  the  clay  become 


inactive? 

In  order  to  answer  this  question  we  used  an 
OMNIFIT  column  of  250  rmn  of  length  and  12  mm 
of  internal  diameter.  Eluted  kerosene  was 
collected  in  numbered  1  litre  vessels. 
Every  5  liters  the  thermal  stability  and 
total  acidity  was  determined.  Ke  also 
evaluated  the  elution  and  the  degree 

of  compactness  of  the  clay. 

The  results  obtained  are  shown  in  the 
following  figures: 
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With  Sepiolite  B  60/120 


THERMAL  STABILITY  (260«C) 

Press  droplas  Hg)  Tube  aspect 

ACIDITY  (ag  KOH/g) 

5"L 

0 

1  No  irid. 

0,002 

10“L 

0 

1  No  irid. 

0,006 

15"L 

9 

1  No  irid. 

0,019 

18!!L 

13 

1  No  irid. 

0,019 

20“L 

14 

1  No  irid. 

0,021 

22“L 

1  L 

1  No  irid. 

0,022 

At  this  point  the  test  was  interrupted  by 
elution  problems.  Given  that  the  mass  of 
clay  introduced  into  the  columna  was  25,39g, 
it  can  be  deduced  that  a  metric  ton  of  this 
clay  is  capable  of  regenerating  866  m1  of 
thermally  unstable  kerosene. 

*  With  Attapulgite  A  50/80 


THERMAL  STABILITY  ( 260«C ) 

Press ,drop(n  Hg)  Tube  aspect 

ACIDITY  (ag  KOH/g) 

S"L 

0 

1  No  irid. 

0,002 

10"L 

0 

1  No  irid. 

0.007 

16"L 

0 

1  No  irid. 

0,007 

20"L 

4 

1  No  irid. 

0.014 

25"L 

7 

1  No  irid. 

0,016 

30“L 

12 

1  No  irid. 

0,026 

35"L 

16 

1  No  irid. 

0,026 

The  behaviour  observed  was  similar  to  that 
of  Sepiolit?  B.  Both  presented  problems  with 
the  elution  of  the  final  litres.  Given  that 
the  mass  of  clay  introduced  into  the  column 
was  17,06g,  it  can  be  deduced  that  a  metric 
ton  of  this  attapulgite  is  capable  of 
regenerating  2.051m'  of  thermally  unstable 
kerosene . 
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*  With  Attapulgite  B  40/60 


THERMAL  STABILITY  (260#C) 

Press.  drop(aa  Hg)  Tube  aspect 

ACIDITY  (ag  KOH/g) 

5“L 

0 

1  No  irid. 

0,002 

10‘»L 

0 

1  No  irid. 

0,014 

15l*L 

0 

1  No  irid. 

0,018 

20ltL 

0 

1  No  irid. 

0,020 

25l,L 

0 

1  No  irid. 

0,020 

30"L 

1 

2  No  irid. 

0,022 

35"L 

3 

2  No  irid. 

0,022 

At  this  point  the  teat  was  interrupted  by 
elution  problems,  but  as  19,46g  of 
attapulgite  B  was  introduced  into  the 
column,  it  can  be  deduced  that  a  metric  ton 
of  this  clay  is  capable  of  regenerating 
1.798  m'  of  thermally  unstable  kerosene. 

We  conclude  that,  among  the  three  tested 
clays,  the  most  efficient  was  Attapulgite  A 
50/80  mesh  ASTM  because,  though  it  presented 
larger  press  drop  at  JFTOT  test,  its  tube 
aspect  was  better  ana  specially  its  break 
point  temperature  (table  "results  for  13 
clays")  was  higher  (320QC;  than  of 
Attapulgite  B  40/60  mesh  ASTM  (  30200. 


5.  CONCLUSIONS 

The  piesence  of  determined  compounds  in  the 
kerosene  creates  problems  of  thermal 
instability.  Their  elimination  by  means  of 
a  simple  operative  procedure  such  as  the 
percolation  of  the  fuel  through  an  absorbent 
medium  is  the  optimum  means  of  increasing 
their  thermal  stability. 

The  best  way  to  evaluate  the  efficiency  of 
the  treatment  is  to  determine  the 
temperature  of  the  break  point,  as  this 
permits  the  quantitative  estimation  of  the 
criterion  go/not  go  of  the  standardized 
test . 
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1.  SUMMARY 

Increases  in  aircraft  performance  are  leading  to 
increases  in  thermal  stress  on  the  primary  aircraft 
coolant-the  fuel.  Fuel  thermal  stability  lim  itations  may 
offset  future  aircraft  performance  gains.  The  Air 
Force's  Wright  Laboratory  is  sponsoring  several 
research  programs  to  address  this  problem.  The 
development  of  an  additive  package  for  JP-8  to  improve 
its  thermal  stability  is  the  primary  focus  of  this  paper. 
This  program  involves  extensive  testing  of  fuels  and 
additives  in  a  variety  of  test  devices,  culminating  in 
tests  in  a  fuel  system  simulator  and  engine  tests.  These 
tests  involve  Air  Force  personnel,  on-site  contractors 
(University  of  Dayton  Research  Institute,  Systems 
Research  Laboratories),  Pratt  and  Whitney  Aircraft  Co., 
additive  manufacturers,  and  Sandia  National 
Laboratory.  The  lest  devices  include  several  flowing 
and  static  tests,  where  the  behavior  of  a  fuel  is 
investigated  in  a  wide  variety  of  environments.  The 
study  of  several  baseline  fuels  in  these  devices  has  led 
to  some  new  insights  into  the  mechanisms  of  fuel 
thermal  (in)stability.  It  is  becoming  clear  that  a  fuel's 
tendency  to  oxidize  Uo  form  peroxides,  for  example)  is 
often  inversely  proportional  to  its  tendency  to  form 
insoluble  deposits. 

2.  INTRODUCTION 

Emerging  threats  require  the  development  of 
highly  maneuverable  aircraft  with  high-performance 
engines,  enhanced  avionics,  and  expanded  flight 
envelopes.  Aircraft  subsystems  (environmental  control, 
power  generation,  hydraulics,  engine,  etc.)  generate 
waste  heat  that  must  be  removed  to  ensure  adequate 
component  reliability  and  life.  Technology  advances 
and  requirements  for  increased  aircraft  performance  arc 
causing  increases  in  aircraft  subsystem  and  engine  heat 
loads.  Specifications  for  current  Air  Force  aviation 
turbine  fuels  (JP-4  and  JP-8)  arc  designed  to  provide 
adequate  energy  content,  combustibility,  fluidity, 
thermal  stability,  storability,  and  safety  while 
maximizing  availability  and  minimizing  cost.  Until 
recently.  JP-4  and  JP-8  provided  adequate  heat  sink  to 
allow  their  effective  use  as  coolants  for  critical  on¬ 
board  subsystems.  However,  these  fuels  are  limited  to  a 
maximum  operating  temperature  of  163°C  (325°F)  as 
measured  at  the  inlet  to  the  fuel  nozzles  on  the  engine 
because  of  thermal  stability  limitations. 


Management  of  aircraft  thermal  requirements  is 
becoming  more  complex  and  affects  the  design  and 
maintenance  requirements  of  the  aircraft.  Ram  air  and 
fuel  are  the  primary  heat  sinks  available  for  aircraft 
waste  heat  dissipation.  Ram  air  is  used  extensively  on 
current  aircraft  to  provide  the  necessary  cooling.  Ram 
air,  however,  restricts  the  flight  envelope,  reduces 
component  performance  due  to  its  relatively  poor  heat 
transfer  characteristics  and,  thus,  reduces  component 
life  and  reliability.  In  addition,  as  aircraft  speed 
increases  above  approximately  Mach  1,  the  stagnation 
temperature  of  air  precludes  its  use  as  a  coolant. 
Increasingly,  aircraft  designers  are  utilizing  the  fuel  to 
provide  subsystem  cooling.  Many  recently  fielded 
aircraft  utilize  all  the  available  heat  sink  capacity  of  JP- 
4  and/or  JP-8  fuels.  In  addition,  most  of  these  aircraft 
recirculate  fuel  to  match  heat  loads  with  available  fuel 
heat  sink.  Studies  indicate  that  future  aiicraft  will  be 
forced  to  carry  large  quantities  of  excess  fuel  for 
thermal  management,  thus  reducing  range  or  payload. 

To  reduce  the  penalties  associated  with  carrying 
excess  fuel  for  thermal  management  purposes,  the  Air 
Force  has  embarked  on  a  program  to  develop  high 
temperature  thermally  stable  (HiTTS)  fuels  [References 
1-4).  Two  fuels  are  currently  under  development.  The 
objective  of  the  HiTTS  100  ("JP-8+100")  program  is  to 
develop  an  additive  package  to  increase  the  thermal 
stability  of  JP-8  from  163°C  (325°F)  to  218°C  (425°F) 
and  thereby  increase  the  available  heat  sink  by  50%. 
Furthermore,  since  .the  sole  intent  of  the  additive 
package  is  to  improve  thermal  stability,  the  package 
which  is  developed  should  not  significantly  alter  any 
fuel  characteristics  other  than  thermal  stability.  The 
objective  of  the  HiTTS  900  ("JP-900")  program  is  to 
develop  a  new  fuel  with  a  thermal  stability  of  482°C 
(900°F)  thereby  increasing  the  heat  sink  by  500% 
through  the  use  of  innovative  experimental  techniques 
in  conjunction  with  phenomenological  modeling.  Hie 
HiTTS  900  program  offers  not  only  the  opportunity  to 
develop  a  new  fuel  with  superior  stability,  it  also  offers 
the  chance  to  make  great  strides  in  our  fundamental 
understanding  of  the  many  processes  that  contribute  to 
deposition  in  jet  fuels. 

A  jet  fuel  is  exposed  to  many  dif  ferent  regimes 
of  temperature  and  residence  time,  as  shown  in  Figure 
1.  The  temperatures  a  fuel  experiences  vary  widely 
throughout  a  mission,  with  the  numbers  in  Figure  1 
representing  a  worst  case.  The  thermal  stability  of  a 
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fuel  is  a  measure  of  its  tendency  to  cause  fuel  system 
problems  (deposits,  filter  plugging)  under  the 
conditions  of  Figure  1.  The  additive  package  for  JP- 
8+100  is  being  designed  to  improve  the  fuel's 
performance  in  a  variety  of  thermal  environments 
consistent  with  those  shown  in  I  'igure  1. 

To  assess  the  performance  of  the  additives,  a 
hierarchy  of  tests  has  been  created.  The  tests  are  being 
performed  by  research  teams  consisting  of  industry, 
research  laboratories,  universities,  a  national  laboratory 
am!  an  Air  Force  laboratory.  Pratt  &  Whitney  has  the 
responsibility  of  screening  die  additives  received  from 
numerous  oil  and  chemical  companies.  They  use  a  Hot 
Liquid  Process  Simulator  (HLPS.  a  modular  JFTOT) 
ruid  an  Isothermal  Corrosion  oxidation  test  (JC'OT,  a 
"flask"  test),  in  the  initial  screening  process.  The  best 
additives  are  sent  to  Wright  Laboratory  where  more 
detailed  experiments  arc  performed  with  small  scale  test 
devices  operated  by  on-site  contractors  and  the  Air 
Force.  The  University  of  Dayton  Research  Institute 
(UDRI)  has  developed  a  single-tube  test  device 
("Phoenix  Rig")[5-7]  that  simulates  a  heat  exchanger 
tube  or  the  feed  arm  of  a  fuel  nozzle.  Systems 
Research  Laboratories  (SRL)  developed  an  isothermal 
single-tube  heat  exchanger  [8]  to  study  the 
decomposition  and  deposition  processes  under  well 
defined  flowing  conditions.  Additives  are  also 
evaluated  by  various  researchers  in  several  different 
flask  tests  [9-13J,  A  vaporization  test  [14]  conducted  by 
the  Air  Force  is  used  to  evaluate  the  additives  as  a 
means  of  reducing  deposits  in  afterburner  spray  bars. 
UDRI  and  the  Air  Force  are  investigating  the 
compatibility  of  the  additives  with  fuel  system 
materials.  The  best  additive(s)  will  then  be  tested  in 
several  fuels  with  diffeent  processing  histories  before 
further  testing  in  an  Extended  Duration  Thermal 
Stability  Test  (LDTST)  and  a  Reduced  Scale  Fuel 
System  Simulator  (RSFSS)  (151,  followed  by  engine 
tests.  Ihe  various  test  devices  have  been  run  under  a 
variety  of  conditions  to  gain  an  understanding  of  the 
performance  of  jet  fuels  in  the  devices. 

Various  thermal  stability  diagnostics  are  being 
developed  as  part  of  this  program.  UDRI  developed 
several  test  devices  based  on  cyclic  voltammetry  (the 
basis  of  Ihe  oil  oxidation  tester  RULER)  to  measure  the 
oxidation  characteristics  of  additives  in  fuel  [16|,  and  to 
determine  the  concentration  of  peroxides  and  total  acid 
number  in  thermally  stressed  fuel.  Sandia  National 
F.ahoratory  developed  a  photon  correlation 
spectroscopic  technique  to  measure  the  size 
distributions  of  particle  formed  in  thermally  stressed 
fuel  [17,18],  they  also  developed  a  quartz,  crystal 
microbalance  that  can  detect  nanograms  of  deposit 
[18,19],  Computational  Huid  Dynamic  modeling  of 
fuel  flow  in  aircraft  components,  including  fuel 
degradation  chemistry,  is  being  developed  by  SRI  and 
the  Wright  laboratory  [20,21], 


This  paper  summarizes  some  of  the  research 
results  obtained  by  the  different  research  teams,  Note 
that  in  this  paper  "thermal  stability"  refers  to  the 
tendency  of  a  fuel  to  form  fuel-insoluble  products;  a 
thermally  stable  fuel  will  create  few  insoluble  products, 
but  may  create  many  products  that  remain  dissolved  In 
die  fuel.  The  insoluble  products  are  the  solids  that  plug 
screens  and  filters  and  foul  heat  exchangers  and 
nozzles.  It  is  generally  accepted  that  fuel  thermal 
instability  in  most  jet  fuels  is  caused  by  reactions 
involving  dissolved  oxygen  (22).  However,  recently  it 
has  become  dear  that  a  fuel's  propensity  to  consume 
oxygen  and  form  soluble  oxygenated  products  such  as 
peroxides  is  not  directly  related  to  the  formation  of 
insoluble  products.  In  fact,  an  inverse  relationship 
exists  for  many  fuels,  as  shown  in  Figure  2  (23 1.  Fuels 
that  form  peroxides  readily  tend  to  be  relatively  stable, 
while  thermally  unstable  fuels  tend  not  to  form 
peroxides  readily  [24,25 J .  Note  that  oxygen 
consumption  is  still  a  key  parameter-thc  question  is 
whether  the  oxygenated  products  are  soluble  or 
insoluble. 

3.  BASELINE  FUELS 

Two  baseline  fuels  have  been  chosen  for  this 
study,  with  properties  shown  in  Table  1 .  One  baseline 
fuel  (Jet  A  2827)  is  a  straight-run  jet  fuel  with  a 
relatively  low  thermal  stability  as  measured  by  die 
JFTOT  (but  still  within  specification  limits).  A 
quantitative  measure  of  the  JP-8+100  goal  has  been 
selected  to  be  the  thermal  stability  of  the  second 
reference  fuel,  JETS  2799.  JPTS  is  a  highly  processed 
thermally  stable  fuel  that  is  significantly  more 
expensive  than  JP-8  f$  1 .7 1/gal  vs.  $().75/gal  for  JP-8  in 
FY  93).  Another  fuel  that  has  been  tested  in  many  of 
the  research  devices  discussed  below  (Jet  A-l  2747)  is  a 
hydrotreated  fuel  with  a  relatively  high  thermal 
stability.  Ihe  Jet  A  and  Jet  A-l  fuels  are  commercial 
fuels  and  do  not  contain  the  military  specification 
additives  (icing  inhibitor,  corrosion  inhibitor,  anti-static 
additive).  Ihe  severest  qualifying  test  for  an  additive  in 
a  given  test  is  to  improve  the  performance  of  Jet  A  2827 
to  that  of  JITS  2799.  During  the  selection  of  die  best 
addilive(s),  a  number  of  odier  fuels  are  being  tested  to 
assure  that  the  additives  are  universally  effective  across 
a  broad  range  of  fuels. 

3.1  Flowing  Tests 

In  flowing  tests.  Ihe  baseline  fuels  range  from 
very  stable  (JITS  2799)  to  marginally  stable  (Jet  A 
2827).  In  tests  with  a  single  tube  heat  exchanger 
(Phoenix  Rig)  |5,6)  with  a  dissolved  oxygen  detection 
capability  |7|,  it  was  found  dial  the  thermal  stability  of 
the  fuel  was  inversely  proportional  to  the  temperature  at 
which  die  fuel  began  to  rapidly  consume  oxygen;  i.e„ 
the  most  stable  fuel  consumed  oxygen  at  the  lowest 
temperature  and  vice  versa.  Ihe  oxygen  consumption 
for  the  baseline  fuels  is  illustrated  in  Figure  3.  with  die 


surface  deposition  shown  in  Figure  4,  The  JFTOT 
breakpoints  for  the  baseline  fuels  (Table  1)  show  the 
same  stability  trend  as  Figure  4:  JPTS  2799>Jet  A-l 
2747>Jet  A  2827. 

Odter  measures  of  fuel  oxidation  show  the 
same  trend.  For  example,  cyclic  voltammetry  [16]  has 
shown  that  the  low  stability  fuel  (Jet  A  2827)  has  easily 
oxidizablc  species,  as  compared  to  the  more  stable 
fuels.  This  is  shown  in  Figure  5,  where  the  lower  the 
voltage  the  greater  the  ease  of  oxidation.  These  results 
have  been  interpreted  to  mean  that  the  easily  oxidizable 
species  are  acting  as  "natural  anti-oxidants"  and 
interfering  with  the  auto-oxidation  free  radical  chain 
reaction.  Thermally  stable  fuels  lack  these  natural  anti¬ 
oxidants,  which  include  heteroatomic  species  such  as 
sulfur  and  nitrogen.  In  fact,  hydrotreating  fuels  to 
improve  their  thermal  stability  removes  the  natural  anti¬ 
oxidants  and  thus  anti-oxidants  are  usually  added  to 
hydrotreated  fuels.  A  key  point  here  is  that  the 
consumption  of  oxygen  by  these  natural  anti-oxidants 
tends  to  form  insolubles,  while  the  consumption  of 
oxygen  by  the  fuel  matrix  tends  to  form  soluble 
products. 

In  isothermal  flow  tests,  it  has  been  found  (hat 
most  of  the  insolubles  are  formed  after  the  oxygen  is 
mostly  consumed  [8],  This  is  illustrated  in  Figure  6. 
The  surface  deposition  peaks  at  5-7  minutes,  subsequent 
to  the  oxygen  consumption  at  -3  minutes.  Oxygen- 
saturated  fuels  yield  similar  peak  deposition  rates,  but 
the  peak  shifts  to  7-8  minutes  and  is  broader.  This  has 
been  interpreted  as  the  oxygen  consumption  reactions 
being  zeroth  order  in  dissolved  oxygen  [8],  Tests  at 
various  flow  rates  tend  to  fall  on  similar  deposition  vs 
residence  time  curves,  for  both  the  Phoenix  Rig  and  the 
isothermal  test  [6,8).  Thus,  when  different  tube  sizes 
are  used,  as  shown  in  Figure  7,  the  deposition  peak 
shifts.  I  i\e  peak  iri  the  larger  tube  shifts  toward  the  tube 
entrance.  The  two  peaks  do  not  coincide  when  the 
deposition  is  plotted  as  a  function  of  residence  time. 
The  reason  for  this  shift  is  not  understood  but  it  is 
evidently  related  to  the  different  surface  to  volume 
ratios  in  die  two  tubes.  In  the  isothermal  test,  surface 
deposition  and  bulk  (filterable)  insolubles  are  both 
measured.  An  interesting  observation  is  that  the  solids 
formed  during  the  early  stages  of  oxygen  consumption 
tend  to  remain  suspended  in  the  fuel.  As  the  oxygen  is 
completely  consumed,  the  relative  amounts  of 
suspended  deposits  and  surface  deposits  tend  to  remain 
constant.  This  is  true  even  for  large  increases  in 
residence  time.  This  is  illustrated  in  Figure  8.  TTiis  has 
been  interpreted  as  indicating  that  the  surface  and  bulk 
insolubles  are  functionally  different  species  [8], 

The  rate  of  oxygen  consumption  at  various 
temperatures  has  been  measured  in  the  isothermal  test, 
as  shown  in  Figure  9.  These  data  are  complemcnuiy  to 
the  Phoenix  Rig  data  in  Figure  3.  Both  sets  of  data 
have  been  used  to  calculate  Arrhenius  parameters  for 


oxygen  consumption  [5,6,8],  Below  about  1?0°C,  the 
oxygen  consumption  becomes  very  slow.  One  common 
.aspect  of  these  flowing  tests  is  that  the  oxygen  present 
is  usually  (and  realistically)  limited  to  the  air-saturation 
value  of  70  ppm  (50  :ng/I.)  at  ambient  conditions. 
Flask  tests  where  oxy,cn  is  continuously  added  can 
lead  to  very  different  results  as  discusstd  below.  Fuel 
recirculation  systems  (Figure  1)  that  allow  recirculated 
fuel  to  be  re-exposed  to  air  could  dramatically  affect  the 
deposition  from  the  fuel.  The  Phoenix  Rig  has  been 
used  to  examine  the  behavior  of  fuels  with  varying 
oxygen  concentrations.  The  oxygen  consumption  and 
deposition  profiles  in  the  Phoenix  Rig  for  varying  levels 
of  oxygen  in  the  fuel  are  shown  in  Figures  10  and  11. 
The  oxygen  consumption  curves  have  been  interpreted 
as  pseudo  zeroth  order  in  oxygen  until  low  levels  of 
oxygen  are  reacheu  [8,6].  These  oxygen  consumption 
and  deposition  data  are  being  used  to  develop 
computational  fluid  dynamics  models  of  the  fouling 
processes  (21).  Matching  bom  the  deposition  and 
oxygen  consumption  behavior  of  a  given  fuel  over  the 
wide  variety  of  conditions  discussed  in  this  section  is  a 
difficult  challenge. 

3.2  Static  Tests 

Static  tests  (or  "flask  tests")  are  an  interesting 
complement  to  the  flowing  tests  (9-13],  In  these  tests, 
continuously-stirred  fuel  is  heated  at  atmospheric 
pressure  to  a  temperature  from  160-200°C.  Oxygen  is 
continuously  fed  to  the  fuel  via  some  type  of  sparging 
system.  Samples  are  periodically  withdrawn  to  measure 
the  extent  of  oxidation.  The  oxidation  products  are 
usually  measured  by  filtration  of  ambient  temperature 
fuel,  with  the  following  nomenclature:  soluble 
gums=filterable  solids  soluble  in  heptane;  insoluble 
gums=filterable  solids  insoluble  in  heptanc/sohible  in 
acetone;  insoluble  solids=filterable  solids  insoluble  in 
acetone  or  heptane.  Presumably,  the  soluble  gums  are 
soluble  in  hot  fuel.  Metal  disks  can  be  suspended  in  the 
fuel  to  assess  surface  deposition  onto  metals.  The  static 
test  used  in  additive  evaluation  is  denoted  as  the 
Isothermal  Corrosion  Oxidation  Test  (ICOT). 

With  a  cursory  examination  of  the  flask  test, 
one  would  expect  that  this  situation  bears  little 
resemblance  to  a  flowing  test  where  the  amount  of 
oxygen  is  limited  to  the  saturation  value.  However, 
there  are  a  number  of  complicating  factors  which  can 
change  this  perception.  At  typical  reaction 
temperatures  of  ~185°C,  the  reaction  of  the  fuel  with 
oxygen  can  be  very  rapid.  Additionally,  the  solubility 
of  oxygen  at  185°C  at  atmospheric  pressure  is 
significantly  less  than  at  ambient  temperature.  Thus, 
for  some  fuels  a  "steady-state"  situation  prevails  where 
the  oxygen  reacts  as  fast  as  it  i.-,  added,  with  a  dissolved 
02  concentration  not  far  different  from  ambient  air- 
saturated  fuel.  The  product  concentrations  (soluble 
gums,  etc.)  will  be  much  larger  than  would  be 
encountered  in  an  oxygen-limited  flowing  lest. 
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However,  if  it  is  assumed  that  these  products  are  inert 
and  do  net  affect  the  oxygen  consumption  reectioos,  the 
kinetics  observed  in  the  flask  test  may  be  relevant  to 
flowing  tests  at  similar  temperatures. 

The  results  of  flask  experiments  for  two  of  the 
baseline  fuels  are  illustrated  in  Figures  12  and  13  [11]. 
The  "stable"  fuel  (2747)  forms  large  quantities  of 
oxidation  products,  especially  soluble  gums  (Figure  12) 
Behavior  of  JPTS  and  hexadecane  are  similar  to  2747. 
The  "unstable”  fuel  forms  smaller  quantities  of 
oxidation  products  (Figure  13).  The  linear  production 
rates  of  the  products  suggest  that  they  are  formed  by 
parallel,  independent  channels.  If,  for  example,  the 
formation  was  sequential  (SC)  ->  10  ->  IS),  then  the  IS 
and  IG  curves  (especially  in  Figure  12)  should  be 
turning  upwards  as  the  soluble  gum  concentration 
builds  up.  The  deposition  onto  stainless  steel  disks 
suspended  in  the  fuel  is  also  linear  with  time,  as  shown 
in  Figure  14. 

These  results  confirm  the  results  of  the  flowing 
tests  to  some  extent.  The  stable  fuel  is  more  reactive 
towards  oxygen,  forming  soluble  products.  The 
unstable  fuel  is  less  reactive  toward  oxygen,  forming 
mostly  insoluble  products.  These  results  are 
emphasized  when  one  examines  the  oxidation  product 
formation  as  a  function  of  oxygen  flow  rate.  For  the 
stable,  reactive  fuel,  product  formation  is  proportional 
to  oxygen  flow  rate  over  a  wide  range.  As  shown  in 
Figure  15,  this  indicates  that  the  oxygen  is  reacting  as 
fast  as  it  can  be  fed  to  the  fuel.  Conversely,  the 
unreactive  fuel  quickly  plateaus  with  increases  with 
oxygen  flow  rate,  indicating  much  slower  oxidation 
kinetics  (Figure  16).  Thus  the  "stable"  fuel  is  in  the 
steady-state  regime  where  oxygen  is  actually  limited 
because  of  limited  solubility  and  fast  reactions. 

4,  ADDITIVE  RESULTS 

As  discussed  in  the  Introduction,  many 
additives  are  being  tested  in  this  program.  Some  initial 
result*  for  additives  in  Jet  A  2827  are  reported  here. 
The  results  are  compared  to  results  for  Jet  A  2827,  Jet  A 
2827  +  12  mg/L  JFA-5,  and  JPTS  2799.  JPTS  is  a 
thermally  stable  (hydrotreated)  base  fuel  with  a  thermal 
stability  additive  package,  JFA-5,  which  contains  a 
metal  deactivator,  an  anti-oxidant,  and  a  dispersant. 
JFA-5  is  thus  the  de  facto  additive  baseline  in  these 
tests.  However,  the  JPTS  base  fuel  has  been  tested 
without  additives  and  is  a  very  stable  fuel  without  the 
JFA-5. 

The  additives  are  initially  screened  in  the 
1ILPS  and  ICOT.  The  HLPS  is  a  modified  JFTOT  in 
which  fuel  flows  for  5  hours  at  3  ml/rnin  around  a 
heated  stainless  steel  rod  with  a  maximum  rod 
temperature  ot  335°C  and  then  through  a  17  (tm  filter. 
Fuel  thermal  stability  is  assessed  by  the  deposits  on  the 
tube  surface  (measured  by  carbon  bumoff)  and  by 


pressure  drop  across  the  filter.  The  ICOT  is  a  variant  of 
the  flask  test,  where  70  ml  of  fuel  is  heated  to  180°C  in 
a  flask  with  oxygen  introduced  tltrough  a  blower  tube  at 
10  1/hr  for  five  hours.  Deposits  are  measured  by 
filtering  the  fuel  after  the  test  through  a  1  pm  filter  and 
by  measuring  the  deposits  on  the  blower  tube  surface. 
Both  deposits  are  measured  by  carbon  bumoff.  The 
study  of  additives  in  most  of  the  other  test  devices  aside 
from  the  HLPS  and  ICOT  is  still  in  its  early  stages. 
However,  generalizations  can  be  made.  Additives 
which  give  significant  increases  in  pressure  drop  in  the 
HLPS  generally  cause  significant  fouling  of  filters  in 
the  single-tube  heat  exchanger  devices  and  large 
deposits  in  the  vaporization  test.  However,  these  same 
additives  may  cause  a  significant  reduction  in  surface 
deposits  on  hot  metal  walls.  JFA-5  reduces  surface 
deposition  significantly  in  most  experiments  with  Jet  A 
2827,  although  the  deposition  is  still  significantly  above 
JPTS  levels.  For  example,  single-tube  heat  exchanger 
results  with  JFA-5  are  shown  in  Figure  17.  Both  of  the 
single-tube  heat  exchangers  (the  Phoenix  Rig  and  the 
isothermal  test)  are  now  set  up  to  measure  deposition  in 
a  hot  section  and  a  downstream  cooling  section.  This 
allows  some  measure  of  fouling  that  could  be  expected 
in  a  system  with  significant  fuel  recirculation.  Filters 
are  used  between  the  hot  and  cold  section  as  well  as 
downstream  of  die  cold  section. 

Several  additives  have  shown  significant 
improvements  in  the  thermal  stability  of  Jet  A  2827  in 
rig  tests.  These  results  are  summarized  in  Table  2.  In 
the  augmentor  fouling  simulator,  fuel  is  vaporized  at  1.5 
ml/min  in  a  stainless  steel  tube  for  7  hours  [14].  At  30 
minute  intervals,  1500  ml  of  fuel  is  surged  through  the 
tube  at  3000  ml/min.  Deposition  is  measured  at  the 
point  in  the  tube  where  the  fuel  vaporizes.  The 
isothermal  heat  exchanger  results  in  Table  2  were 
obtained  at  0.25  ml/min  for  6  hours  at  185°C  [33].  The 
additives  are  "A2894",  a  detergent/dispersant,  and 
"A2727",  a  detergent.  As  can  be  seen,  the 
A2894/A272?  additive  combination  shows  significant 
promise  in  reaching  the  thermal  stability  of  JPTS  in 
several  of  the  tests.  A2894  was  selected  because  of  its 
performance  in  the  HLPS  and  A2.727  because  of  its 
performance  in  the  ICOT.  Additive  testing  in  a  wider 
range  of  fuels  is  underway. 

5.  J P-900  TEST  RESULTS 

The  baseline  fuels  have  also  been  run  in  a 
single  tube  heat  exchanger  where  the  fuel  is  healed  to 
900°F.  These  types  of  tests  are  part  of  (he  development 
of  JP-900.  The  results  of  one  such  test  are  shown  in 
Figure  18  for  the  three  fuels  discussed  in  this  paper 
[26,27).  The  deposit  under  these  conditions  is  much 
narrower  than  that  seen  in  lower  temperature  tests  (e  g.. 
Figures  11,17).  In  these  high  temperature  tests,  it  is 
typical  to  see  this  sharp  deposition  peak;  this  type  of 
behavior  has  been  seen  in  heated  lube  tests  at  the  United 
Technologies  Research  Center  [28],  Fsso  (Exxon)  [29], 


and  the  Naval  Research  Laboratory  [30],  and  in  an 
earlier  version  of  the  Air  Force  Fuel  System  Simulator 

(31) .  It  has  been  proposed  that  this  deposition  peak 
may  be  due  to  supercritical  solvent  effects  of  the  fuel 
[29]  or  high  temperature  breakdown  of  deposit 
precursors  [30].  Recent  work  at  WL  has  shown  that 
this  deposit  peak  is  independent  of  fuel  critical 
temperature  over  the  range  from  n-octane  to  n- 
hexadecane  [26].  Rather  than  a  supercritical  effect,  it 
appears  that  the  deposition  peak  is  a  chemical  kinetic 
effect  related  to  the  heating  rate  of  the  fuel.  The 
amount  and  location  of  the  deposition  can  be  varied 
over  a  wide  range  of  fuel  and  wall  temperatures  by 
varying  the  rate  at  which  the  fuel  is  heated  [26].  The 
exact  mechanism  of  how  heating  rate  affects  deposition 
is  not  yet  clear.  It  may  be  that  heating  rate  affects  the 
relative  reaction  rates  of  fuel  to  soluble  and  insoluble 
products.  This  offers  the  opportunity  of  controlling 
deposition  by  controlling  the  rate  at  which  heat  is  added 
to  the  fuel.  This  relationship  between  peak  deposition 
and  heating  rate  has  been  recently  reported  by  others 

[32] .  The  surface  deposition  in  this  test  is  well 
correlated  by  the  JFTOT  breakpoint  of  the  fuel,  as 
shown  in  Figure  19.  The  filterable  deposits  are  not  well 
correlated  by  JFTOT  breakpoint,  however,  with  JP-7 
standing  out  as  a  high  bulk  deposit  generator. 

6.  DISCUSSION 

r'  is  interesting  to  compare  the  deposition 
levels  for  Jet  A  2827  and  Jet  A-l  2747  in  the  various 
tests  described  in  this  paper:  die  gravimetric  JFTOT 
(Figure  2),  the  Phoenix  Rig  (Figure  4),  the  isothermal 
test  (Figures  6  &  8),  and  the  JP-900  test  (Figure  18). 
Comparative  operational  data  for  the  tests  are  presented 
in  Table  3.  All  the  tests  consist  of  fuel  flowing  through 
a  heated  stainless  steel  test  section,  with  subsequent 
filtering.  In  the  gravimetric  JFTOT  and  the  JP-900  test, 
the  fuel  is  cooled  before  filtering;  in  the  other  tests  die 
fuel  is  filtered  before  and  after  cooling. 

The  results  for  Jet  A  2827  are  presented  in 
Table  4.  The  results  are  presented  as  ppm,  i.e.,  total  pg 
deposit  (carbon )/total  g  fuel  flowed.  The  gravimetric 
JFTOT  results  are  based  on  deposit  mass,  the  others  are 
based  on  deposit  carbon  mass.  In  the  gravimetric 
JFTOT  it  was  found  that  2827  generated  about  1  ppm  of 
total  insolubles,  almost  entirely  bulk  (filterable) 
deposits.  Bulk  (filterable)  insolubles  generally  were 
about  10X  larger  than  surface  insolubles  for  a  group  of 
JP-5  fuels  studied  [23],  In  contrast,  the  surface  and 
bulk  values  in  the  JP-900  and  Phoenix  Rig  tests  arc 
fairly  close.  From  Figure  8,  the  isothermal  flow  test 
generated  about  6  ppm  of  total  insolubles  (5  ^ig  deposit 
carbon/cc  fuel  /  0.8  g/cc)  with  the  bulk/surfacc  ratio 
roughly  equal  to  0.7  for  complete  oxygen  consumption. 
These  values  are  significandy  larger  than  the  Phoenix 
Rig  and  JP-900  tests,  although  the  surface  and  bulk 
deposits  are  again  similar  in  magnitude.  For  Jet  A- 1 
2747  (Table  5),  the  deposits  are  much  smaller.  Again, 


the  gravimetric  JFTOT  yields  a  much  higher  ratio  of 
bulk  to  surface  deposits  than  the  JP-900  test. 

One  possible  reason  for  the  discrepancy  can  be 
seen  by  comparing  two  sets  of  results  for  Jet  A  2827  in 
the  Phoenix  Rig.  The  two  sets  of  data  are  shown  in 
Figure  20.  In  the  test  widi  the  lower  oudet  temperature, 
the  surface  deposidon  was  still  increasing  at  the  oudet 
of  the  tube,  in  contrast  to  the  behavior  shown  in  Figure 

6.  This  condidon  created  tremendous  deposits  on  the 
cold  filter.  The  rado  of  the  filterable  insolubles  to  the 
hot  tube  deposits  for  this  condidon  is  23,  a  similar  rado 
as  that  seen  in  the  gravimetric  JFTOT.  Thus,  small 
variations  in  hearing  conditions  can  create  dramadc 
differences  in  filterable  deposits.  This  phenomenon  is 
not  well  understood  at  present,  but  may  explain  the 
differences  between  the  gravimetric  JFTOT  results  and 
the  other  test  results. 

7.  CONCLUSIONS 

It  seems  clear  that  an  understanding  of  the 
oxidadon  reacdons  of  the  fuel's  "natural  anri-oxidants” 
will  be  required  to  control  the  formadon  of  insolubles 
from  typical  jet  fuels.  It  is  not  clear  if  the 
detergent/dispersant  additives  that  are  effective  in 
reducing  insolubles  formation  in  the  tests  are  acting  to 
keep  the  insolubles  small  enough  to  pass  filters,  or  if  the 
additives  are  actually  reducing  the  formadon  of 
insolubles.  More  research  is  also  needed  to  determine 
the  mechanism  behind  the  large  increases  in  bulk 
deposits  seen  under  some  test  condiuons.  In  future 
aircraft  that  will  employ  recirculation  of  hot  fuel,  this 
phenomena  may  be  a  key  determinant  of  fuel  system 
reliability  and  maintainability. 
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Table  1.  Baseline  Fuel  Information 


POSF  designation 

91-2799 

91-2827 

90-2747 

Fuel  sold  as 

JP-TS 

Jet  A 

Jet  A-l 

Hydrotreated? 

Yes 

No 

Yes 

AS  I'M  D1319  Aromatics,  Vol  % 

9.6 

19 

19 

ASTM  D4294  Sulfur,  Total  Wt  % 

0.0 

0.1 

0.0 

ASTM  D5340  Fuel  System  Icing  Inhibitor,  Vol  % 

0.11 

- 

— 

JFrOT  Breakpoint  C 

399 

266 

332 

Dissolved  oxygen  in  air-saturated  fuel,  ppm 

(measured  by  R.  Suiebich,  Univ.  of  Dayton  Research  Inst,  by  GC/MS) 

77 

65 

73 

Table  2.  Additive  test  results.  JFA-5  added  at  12  mg/L,  "A2894”  at  100  mg/L„  "A2727"  at  300  mg/L. 


Test 

Jet  A  2827 

Jet  A  2827+ 

JFA-5 

JPTS  2799 

Jet  A  2827+ 
A2894 

Jet  A  2827+ 
A2727 

Jet  A  2827+ 
A2894+ 

A2727 

HLPS  surface  carbon, 

pg/cm^ 

47 

30 

7 

16 

342 

69 

HLPS  filter  DP/time 
(psi/min) 

300/180 

0/300 

1/300 

0/300 

300/270 

4/300 

ICOT  blower,  pg  C 

3196 

■f.; ' 

74 

590 

113 

68 

ICOT  bulk,  pg  C 

2971 

584 

397 

2944 

468 

augmcntor  fouling 
simulator,  pg  C 

1378 

mm 

237 

n/a 

n/a 

323 

Isothermal  surface 
deposit,  pg  C/cc  [8,33] 

3.0 

n/a 

1.3 

4.1 

2.0 

Isothermal  bulk  deposit, 
pg  C/cc  |8,33) 

2.0 

3.0 

n/a 

0.8 

1.3 

0.6 

Table  3.  Experimental  variables  for  various  tests.  Residence  time  calculated  for  cold  fuel. 


K'K 


Test 

nominal  res  time,  sec 
(typical  flow  rate, 
cc/min) 

surf/vol, 

1/cm 

bulk  fuel 
outlet  T,  C 

max  wall  T, 

C 

filters 

(fuel  T 
during 
filtration) 

gravimetric  JFTOT  [23| 

6.2  (3) 

17 

260 

260 

0.8  p  (cold) 

J P-900  test  [26,27] 

9.4(12) 

28.6 

480 

570 

2  p  (cold) 

Phoenix  Rig  [5,6] 

7.6(16) 

18.5 

260 

300 

2  p  (hot+ 
cold) 

isothermal  test  [8j 

715  (0.25) 

18.5 

185 

185 

0.45  p  (hot) 

fable  4.  Comparison  of  deposition  results  for  various  test  devices  with  Jet  A  2827.  All  test  results  aside  from 
gravimetric  JFTOT  are  pg  deposit  carbon/  g  fuel;  gravimetric  JFTOT  results  expressed  as  pg  deposit/g  fuel. 


Test 

surf  dep, 

nnm 

filter  dep, 

ppm 

filter/surf 

total,  surf  + 

filter,  ppm 

gravimetric  JFTOT  [23] 

0.036 

0.93 

26 

0.97 

JP-900  test  [27] 

0.74 

0.69 

1 

1.44 

Phoenix  Rig  [5,6] 

0.63 

0.84 

1.33 

1.47 

isothermal  test  [8] 

3.75 

2.5 

0.67 

6.25 

Table  5.  Comparison  of  deposition  results  for  various  test  devices  with  Jet  A-l  2747. 


Test 

surf  dep, 

ppm 

filter  dep, 
ppm 

filter/surf 

total,  surf  + 
filter,  ppm 

gravimetric  JFTOT  [231 

0.036 

0.20 

5.6 

0.24 

JP-900  test  [27] 

0.38 

0.15 

0.35 

0.51 

Phoenix  Rig  [5,6] 

0.10 

n/a 

n/a 

n/a 

FUEL 

TANKS 


rfi' 


advanced 

RAM  AIR/FUEL 

FIGHTER 

HEAT 

EXCHANGER 

CURRENT 

3A 

i  SYSTEMS 

RAM  AIR/FUEL 

HEAT 

EXCtl^GER 

BOOST 

PUMP 


MAiN 

FUEL 

PUMP 


1 

2 

2A 

3 

3A 

4 

5 

6 

TEMP,  C 

<70 

<  120 

<  120 

136- 

163 

<  163 

163  + 

260  + 

<  175 

PRESS,  PSI 

<25 

<  SO 

<80 

1200- 

2000 

<80 

<40  t 

<40* 

l5oo- 

4000 

TIME 

MIN  TO 
HRS 

<  15 
SEC 

<2 

SEC 

<3 

SEC 

<2 

SEC 

2  SEC 

■f 

MIN 

o 

<20 

MIN 

a  TIME  <1 
SEC 


$FLOW  PRESS 
1200  -  2000 


Figure  1.  Temperatures  (worst  case)  and  pressures  experienced  by  fuel  in  various  engines  parts  [2).  For  the 
combustor  and  augmentor  injectors  (4  and  5),  problems  appear  to  be  most  severe  after  flow  is  shut  off  or  cycled, 
hence  the  low  pressures  and  long  times  indicated  in  the  table.  During  normal  (flowing)opcration,  the  residence 

times  arc  fractions  of  a  second  at  1200-2000  psi. 


E 


a. 

a 


c n 
a> 

jQ 

3 

O 

(0 

c 


0  20  40  60  80  100  120  140 

Peroxide  Potential 


Figure  2.  Peroxide  potential  versus  gravimetric  JFTOT  of  15  fuels  [23]. 
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Figure  3.  Dissolved  oxygen  and  methane  concentrations  versus  output  bulk  temperature  from  a 
single  tube  heat  exchanger  [5].  Input  temperature  =  3()°C,  Input  concentration  of  Oxygen  =  70 
ppm  Residence  time  in  heat  exchanger  -  7  seconds. 


Figure  4.  Surface  concentration  of  carbon  deposits  along  the  test  section  for  three  baseline  fuels 
during  a  six-hour  test  [5].  300°C  block  temperature,  16  ml/min,  260°C  fuel  outlet  temperature, 

2.48  MPa  (24  atm). 
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Figure  5.  Voltammograms  (derivative  current  versus  scan  voltage  plots)  produced  by  cyclic  voltammetric 
antioxidant  test  for  fresh  Jet  A  2827  and  JPTS  2799  fuels  [16].  Lower  voltages  indicate  greater  ease  of  oxidation. 
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Figure  6  Deposition  from  Jet  A  2827  at  185  C,  2.48  MPa  in  isothermal  heat  exchanger  as  a  function  of  stress 
duration  (residence  time)  [8],  Superimposed  is  dissolved  oxygen  as  a  function  of  stress  duration.  Flow  rates  in 

cc/min  indicated  on  plot. 
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Figure  8.  Total  carbon  in  surface  deposits  and  bulk  insolubles  formed  as  a  function  of  stress  duration  in  isothermal 
test  |X|.  Superimposed  is  that  fraction  ot  total  carbon  measunal  on  filter 
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Figure  13.  Weight  of  carbon  in  samples  removed  by  bulk  filtration  of  liquid  samples  as  a  function  of  stress  duration. 
JetA2827,  185°C,  02  flow  0.20  cm^min'^  percm^  of  solution  [11]. 
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Figure  14.  Surface  deposition  (SS  disks)  for  2827  [11]. 
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Figure  15.  Dependence  of  rate  of  formation  of  IS,  IG,  and  SG  upon  oxygen  flow  for  Jet  A-l  2747,  185°C  [11] 


Figure  16.  Dependence  of  rate  of  formation  of  IS,  IG,  and  SG  upon  oxygen  flow  for  Jet  A  2827,  185°C  [11], 
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Figure  17.  Phoenix  Rig  deposition  data  for  JFA-5  in  Jet  A  2827  [5,6]. 
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Figure  18.  Deposition  rates  in  a  heated  tube  test  for  baseline  fuels  [27].  Fuel  outlet  temperature  ~480°C  (900°F), 
pressure  70  atm  (1000  psig),  residence  time  ~  6  seconds,  7  hr  tests. 
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Discussion 


Question  1.  W.  Dodds 

What  effect  will  high  thermal  stability  fuel  have  on  management  of  fuels  in  a  battlefield  situation?  For  example,  storage,  testing, 
deterioration? 

Author’s  Reply 

We  do  not  anticipate  any  effects.  The  thermal  stability  additive  package  will  probably  be  put  into  the  fuel  when  the  fuel  is 
produced,  just  as  is  done  with  current  additives.  The  fuel  will  then  be  handled  just  like  JP-8.  The  performance  characteristics  of 
JP-8+ 100  fuel  will  be  just  like  JP-8  except  for  the  improved  thermal  stability. 


Question  2.  K.  MrCaldon 

Did  you  measure  a  particle  size  distribution  for  the  insolubles  which  you  filtered  out  of  the  fuel? 

Author’s  Reply 

The  particle  size  distribution  was  measured  with  a  photon  correlation  technique.  The  size  distribution  varied  between  0.3  and 
0.8  microns. 


Question  3.  D.  Santavicca 

Are  there  concerns  that  the  fuel  additives  may  affect  the  combustion  process,  e.g.,  ignition  delay? 

Author’s  Reply 

The  additives  will  be  present  in  such  small  concentrations  (ppm  level)  that  we  do  not  anticipate  combustion  problems.  The 
experience  with  the  thermal  stability  additive  JFA-5  supports  this.  Howe'er,  as  part  of  the  qualification  tests  for  the  new 
additives,  combustion  experiments  in  both  research  combustois  and  actual  o  :nes  will  be  performed. 
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ABSTRACT 

Two  global-chemistry  models  for  oxidative 
deposition  of  jet  fuels  are  evaluated  by  integrating  them 
into  a  Computational  Fluid  Dynamics  with  Chemistry 
(CFDC)  code.  A  previously  developed  two-step 
global-chemistry  model  was  found  to  be  insufficient  to 
describe  the  thennal-oxidation  and  -deposition  rates 
associated  with  a  Jet-A  fuel.  A  new  global-chemistry 
model  has  been  developed  systematically  based  on 
observations  from  flowing  and  static  experiments.  The 
global-auioxidation  reaction  is  modified  such  that  the 
reaction  rate  becomes  zeroth-order  with  respect  to  the 
dissolved  oxygen  concentration.  The  generation  of 
deposit-forming  precursor  is  coupled  witn  the 
autoxidation  reaction  by  introducing  a  radical  species 
ROO  *  A  formulation  for  the  sticking  probability  has 
also  been  developed.  Deposition  profiles  are  well 
represented  by  this  new  model  under  a  variety  of 
temperature  and  flow  conditions.  The  model  correctly 
predicts  the  changes  in  magnitude  and  spatial  location 
of  the  deposition  peak  due  to  changes  in  flow.  The 
CFDC  model,  which  is  designed  for  flowing  systems, 
has  been  extended  to  static  experiments.  The  model 
incorporates  a  non-depleting  species  Fs  representing  all 
non-oxygen  compounds  responsible  for  deposition. 
Static  experiments  were  found  to  provide  a  useful  and 
inexpensive  method  for  estimating  the  concentration  of 
Fg  in  the  fuel. 

L  INTRODUCTION 

An  increase  in  the  operating  temperatures  of  fuel- 
system  components  in  future  high-performance  aircraft 
requires  improvement  of  the  thermal-stability  of  jet 
fuels.1  Several  laboratory  methods2-3  hr.ve  been 
developed  for  evaluating  the  thermal  stability  of  current 
and  future  fuels.  High  temperatures  are  normally  used 
to  accelerate  these  experiments.  Often  there  is  neither 
clear  correlation  between  the  results  of  the  different 
laboratory  experiments  nor  knowledge  of  how  the 
results  are  related  to  the  thermal  decomposition  of  the 
fuel  in  aircraft  fuel-system  components.  Recently  a 
general  theoretical  framework  has  been  established  by 
integrating  the  Computational  Fluid  Dynamics 


conservation  equations  with  global-chemistry  models 
for  thermal-decomposition  processes.4  The  resulting 
CFDC-type  models  offer  potential  for  predicting  fuel 
behavior  in  an  engine  component  based  on  knowledge 
gained  from  laboratory  experiments.  The  success  of 
this  approach  depends  on  the  development  of  a 
universal  global -chemistry  model  that  can  be  calibrated 
for  each  fuel  by  laboratory  experiments  and  the  ability 
of  the  model  to  predict  deposition  over  a  wide  range  of 
flow  and  temperature  conditions  for  any  fuel-system 
component. 

Although  CFD  part  of  the  model  is  well  developed, 
the  global  chemistry  for  thermal  oxidation  and 
deposition  pan  is  not.  Significant  progress  has  been 
made  in  using  CFD  models  to  predict  fluid  and  thermal 
characteristics  in  the  complex  geometries  of  practical 
systems.  On  the  other  hand,  development  in  the 
chemistry  modeling  of  thermal  deposition  has  been 
hindered  by  the  lack  of  fundamental  understanding  of 
the  complex  fuel-degradation  processes.  Krazinski  et 
al.4  and  Katta  and  Roquemore5  have  achieved  some 
success  in  the  use  of  the  CFDC  approach  with  simple 
global-chemistry  models  to  predict  fuel  fouling  under 
different  conditions  in  heated-tube  experiments.  These 
successes  offer  hope  that  CFDC  models  will  become 
useful  tools  for  research  as  well  as  fuel-system 
component  design. 

This  paper  demonstrates  that  the  previously 
developed  global-chemistry  models5  6  were  insufficient 
for  predicting  both  oxidation  and  deposition  rates  in 
recent  experiments.  A  new  global-chemistry  model  is 
presented  which  uses  knowledge  gained  from  a  variety 
of  flowing  and  static  experiments  conducted  with  the 
same  fuel.  The  ability  of  the  new  model  to  predict  both 
oxidation  and  deposition  rates  in  the  test  sections  of  the 
heated  tube  and  near-isothermal  rigs  is  evaluated. 
Finally,  a  calibration  procedure  is  discussed  for 
extending  this  model  to  a  different  fuel. 

2  FLUID-DYNAMIC  AND  HEAT- 

TRANSFER  MODELING 

Fluid  motion  inside  the  tubular  test  section  is 
assumed  to  be  axisymmetric  and  bounded  by  the  fuel- 
deposit  interface.  The  time-dependent  Navier-Stokes 
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equations  along  with  the  turbulent-energy,  species- 
conservation,  and  enthalpy  equations  are  solved  in  tite 
z-r  cylindrical  coordinate  system.  The  transport 
properties  along  with  the  enthalpy  and  density  at  a  given 
temperature  are  obtained  from  the  curve  fits  developed 
for  Jet-A  fuel.  The  governing  equations  are  discrcdzed 
utilizing  a  hybrid  scheme5  which  is  a  second-order 
central-differencing  scheme  everywhere  but  changes  to 
a  first-order  upwind  scheme  when  the  local  Peclet 
in  becomes  greater  than  two.  An  implicit 
apt  ,r  employed  to  advance  the  calculations  using 

a  i  .iie-step.  This  allows  the  calculations  to  be 

pen.;.med  for  real  times  ranging  from  minutes  to 
thousands  of  horns.  For  the  turbulent-flow  calculations, 
wall  functions  have  been  used  to  determine  the 
variations  of  the  flow  variables  near  the  fuel-depo;.it 
interface. 

The  mathematical  formulation  of  the  problem5  takes 
into  account  the  changes  in  fluid  and  thermal 
characteristics  of  the  system  as  the  deposit  builds  up  on 
wall  surfaces.  After  each  time-step  the  geometry  of  the 
fuel-deposit  interface  is  allowed  to  change  as  part  of  the 
solution  procedure.  The  computational  domain  is 
bounded  by  the  axis  of  symmetry  and  the  fuel-deposit 
interface,  and  the  grid  system  is  reconstructed  after  each 
time-step  to  take  into  account  the  change:  :n  the 
boundary  shape.  Fluid  flow,  heat  transfer,  and  deposit 
formation  are  treated  using  an  integrated  approach  to 
simulate  the  time  evolution  of  deposition  inside  heated 
tubes.  Conjugate  heat-transfer  calculations  are 
performed  to  obtain  the  heat  distribution  in  the  deposits, 
tube  wails,  and  bulk  fuel  simultaneously. 

3  AOTLfflDATIQN  MODELING 

Jet  fuels  are  composed  of  hundreds  of  compounds. 
Dissolved  oxygen  is  one  of  the  most  important  species 
in  the  fuel  contributing  to  deposition  on  metal  walls. 
Several  experiments7  *  have  shown  strong  coupling 
between  oxygen  depletion  rate  and  deposit  growth. 
Several  reaction  mechanisms8,9  have  been  proposed  to 
describe  autoxidation  in  fuels.  Variations  in  the 
reaction  kinetics  itself  indicate  that  the  autoxidation 
process  is  also  dependent  on  the  fuel  under  study.  The 
previous  and  new  CFDC  models  attempt  to  represent 
this  complex  autoxidation  process  by  the  following 
single-step  global-reaction  equation 

ki 

F  +  02  — »  P,  (Rl) 


which  requires  calibration  for  the  reaction  rate  for  a 
given  fuel.  Here,  F  and  P  represent  the  fuel  and 
precursor  to  deposit,  respectively.  As  the  mass  fraction 
of  the  base  fuel  is  far  greater  than  those  of  the  species 
that  involve  in  thermal-decomposition  process,  the 
value  of  the  fuel  concentration  in  the  rate  expression  is 
treated  as  a  part  of  the  pre-exponential .  To  date 
calibration  for  different  fuels  has  been  limited  to 
determining  the  pre-exponentiai  factor  and  the 


activation  energy  of  the  global-autoxidation  reaction. 
Recent  experiments  where  an  abundance  of  oxygen- 
dcplction-ratc  data  has  been  collected  using  gas 
chromatography  (CiC)7,10  suggest  that  tite  rate  of 
oxygen  depletion  in  some  fuels  is  not  a  function  of 
dissoived-oxygen  concentration.  This  means  that 
calibration  of  global-chemistry  model  for  such  fuels 
should  also  include  estimates  of  the  order  of  the  reaction 
with  respect  to  the  oxygen. 

Dissolved  oxygen  measured  in  a  Jet-A  fuel 
identified  as  2827  by  the  U.  S.  Air  Force  at  different 
temperatures  is  shown  in  Fig.  1.  These  experiments 
were  conducted  in  a  constant-temperature  heated-tube 
test  apparatus  referred  to  as  the  Phoenix  rig.7  The 
Heated  tube  consists  of  a  O.3i75-cm-o.d.  and  50.8-cm- 
long  stainless-steel  fuel  tube  and  a  40.64-cm-long 
heated  copper  block.  The  fuel  tube  was  clamped  inside 
the  copper  block  in  such  a  way  that  only  the  central 
40.64-cm  section  was  heated.  Temperature  of  the 
copper  block  was  maintained  at  573  K.  Fuel  was  passed 
through  the  fuel  tube  at  a  steady  flow  rate,  and 
measurements  for  bulk-fuel  temperature  and  oxygen 
were  made  at  the  exit  of  the  tube.  Oxygen  content  in 
the  fuel  at  different  temperatures  was  obtained  by 
changing  the  fuel-flow  rate  (i.e.,  indirectly,  the  heat 
flux).  Oxygen  depletion  with  temperature  for  different 
initial  levels  of  dissolved  oxygen  was  then  obtained  by 
repeating  the  experiments.  Calculations  for  the  same 
exDerimental  conditions  (initial  dissolved  oxygen  of  65 
ppm)  were  made  using  the  global -chemistry  model  that 
was  calibrated  for  a  JP-5  fuel  used  in  experiments  at 
United  Technologies  Research  Center  (UTRC).4  The 
results  are  shown  in  Fig.  1  (short-dashed  line).  Model 
predictions  indicate  that  the  consumption  of  oxygen  in 


Fig.  1.  Oxygen  depletion  as  function  of  fuel 
temperature  in  Jet-A  fuel  for  different  levels  of  initial 
dissolved  oxygen.  Data  were  obtained  at  end  of  50.4- 
cm-long  tube  heated  with  a  573-K  copper  block  and  by 
varying  the  flow  rate.  Calculations  were  made  using 
different  global-oxygen-consumption  models. 


the  Jct-A  (USAF-2827)  fuel  is  much  more  rapid  than  in 
the  JP-5  fuel  used  by  UTRC. 1 1  Interestingly,  the  latter 
fuel  yielded  peak  deposit  of  ~1000  jig/cnr/h-an  order 
of  magnitude  greater  than  that  of  the  Jet-A  fuel.  The 
very  large  deposition  rate  with  JP-5  could  be  partly  due 
to  the  high  flow  rates  used  in  the  UTRC  experiments. 
However,  Heneghan  and  Zabamick9  have  also 
observed  this  inverse  behavior-fuels  that  oxidize  easily 
tend  to  produce  less  solids-and  attributed  it  to  the 
natural  antioxidant  molecules  inherently  present  in 
nonhydrotreated  fuels. 

The  global-autoxidation  rate 

ki  =  [02]“  Aie(-E8/RT),  (1) 


was  recalibrated  for  the  Jet-A  (USAF-2827)  fuel,  and 
(he  best  fit  to  the  oxygen-depletion  data  with  initial 
oxygen  concentration  of  65  ppm  is  shown  by  the  long- 
dashed  line  in  Fig.  1.  In  the  above  equation,  a 
represents  the  order  of  the  reaction  with  respect  to  the 
oxygen  concentration.  In  this  model,  a  was  assumed  to 
be  equal  to  one,  which  is  consistent  with  the  model 
developed  by  Krazinski  et  al  4  The  new  Arrhenius 
parameters  (A  =  1.65  x  1014  s1,  Ea  =  35.5  kcal/mole) 
resulted  a  good  fit  to  the  experimental  data  with  an 
initial  oxygen  concentration  of  65  ppm.  However,  the 
predictions  of  oxygen  depletion  for  the  19.5-ppm 
oxygen  level  are  not  so  good  as  noted  in  Fig.  1.  Since 
the  global  autoxidation  reaction  is  First-order  with 
respect  to  oxygen  concentration,  the  depletion  rate  is 
much  lower  than  that  observed  when  the  initial  oxygen 
concentration  was  65  ppm.  However,  the  experimental 
data  show  a  higher  depletion  rate,  even  when  the  initial 
dissolved  oxygen  was  19.5  ppm,  suggesting  that  the 
autoxidation  reaction  depends  only  weakly  on  oxygen 
concentration.  The  global-autoxidation  reaction  was 
recalibrated  for  the  Jet-A  fuel  using  different  values  for 
a  in  the  rate  expression  (1).  The  best  representation  of 
the  experimental  data  was  achieved  when  a  was  set 
equal  to  zero.  Also  the  autoxidation  reaction  with 
respect  to  oxygen  was  assumed  to  change  from  zeroth 
order  to  first  order  when  the  amount  of  dissolved 
oxygen  fell  below  the  10-ppm  level.  The  lower 
depletion  rates  observed  in  the  experiments  at  lower 
oxygen  levels  support  this  assumption.  The  recalibrated 
oxygen  depletion  from  the  65-ppm  level  and  the 
predicted  depletion  curves  from  different  lower  initial 
oxygen  concentrations  are  plotted  in  Fig.  1  with  solid 
lines.  The  Arrhenius  parameters  for  this  mode!  are  A  * 
2.53  X  1013  mole/m3/s  and  Ea  =  32  kcal/mole. 
Agreement  between  the  zeroth-order  model  predictions 
and  the  experiments  is  favorable  for  all  initial  oxygen 
concentrations.  Choice  of  a  ■  0  in  Eq.  (1)  is  also  in 
agreement  with  the  recent  Findings  of  Jones  et  al.8 

4_  DEPOSITION  MODELING 

Hydroperoxides  are  felt  to  have  direct  bearing  on 
wall  deposition.  Although,  the  formation  of 
hydroperoxides  in  the  fuel  through  the  peroxy  radicals 


is  reasonably  well  understood,  the  transformation 
mechanism  of  hydroperoxides  into  deposits  is  not. 
However,  hydroperoxides  are  assumed  to  produce  a 
precursor  to  deposits  which  can  be  transported  by 
convective  and  diffusive  motions  to  the  wall  surface  and 
adhere  to  it  The  precursor  is  then  transformed  to 
deposit.  It  should  be  noted  that  this  assumed  wall- 
deposition  process  is  dependent  on  a  sticking 
phenomenon  which  must  also  be  modeled. 

Carbon-deposition  experiments  were  conducted 
using  the  Phoenix  rig7  for  the  oxygen  concentrations 
shown  in  Fig.  1.  Jet-A  (USAF-2827)  fuel  was 
continuously  passed  through  the  test  section  at  a 
constant  flow  rate  and  copper-block  temperature.  The 
fuel  was  sparged  with  ambient  air  to  yield  a  65-ppm 
initial  concentration  of  dissolved  oxygen  before  being 
passed  through  the  test  section.  After  6  b,  the  tube  was 
removed  from  the  copper  block  and  cut  into  2.54-  or 
5.08-cm-long  sections.  The  total  deposit  inside  each  of 
these  small  sections  was  measured  using  the  carbon- 
bum-off  technique.  The  deposition  rate  along  the  length 
of  the  tube  in  units  of  pg/cm2/h  is  shown  in  Fig.  2  for 
two  different  block  temperatures  and  a  flow  rate  of  16 
cc/min.  In  the  present  paper,  these  data  are  used  to 
calibrate  the  deposition  part  of  the  Krazinski  et  al.4 
model  and  the  new  model.  The  calibrated  models  are 
then  used  to  predict  the  deposition  for  the  4-cc/min 
flow-rate  data  shown  in  Fig.  3. 

Two-Step  Chemistry  Model 

In  the  two-step  global-chemistry  model  proposed  by 
Krazinski  et  al.,4  a  precursor  to  the  wall  deposits  was 
assumed  to  be  formed  directly  from  the  autoxidation 
reaction.  A  unity  sticking  probability  for  the  precursor 
was  also  assumed.  A  precursor  removal  reaction  was 


Fig.  2.  Deposition  as  function  of  tube  length  or  axial 
distance.  Measurements  made  using  carbon  bum-off 
technique.  Fuel  flow  rate  was  16  cc/min.  Global- 
chemistry  models  were  calibrated  for  these  data. 


Fig.  3.  Predicted  and  measured  deposition  in  heated 
tube  for  different  wall  temperatures  at  fuel-flow  rate  of 
4  cc/min. 


introduced  to  limit  the  deposition  at  higher  temperatures 
(>  500  K).  The  deposition  model  is  as  follows: 


k2 


F  +  P  ->  Solubles, 

(R2) 

k3  =  ~ 

P  — >  DBulk- 

(R3) 

The  strategy  for  calibrating  this  model  for  a  given 
fuel  is  to  determine  the  Arrhenius  parameters  for  the 
autoxidation  reaction  using  the  oxygen-depletion  data 
and  then  for  the  precursor-removal  reaction  using  wall- 
deposition  data.  As  discussed  in  the  previous  section, 
the  autoxidation  reaction  for  the  Jet-A  fuel  was 
calibrated  using  the  65-ppm  initial  dissolved-oxygen- 
concentration  data  (short-dashed  line  in  Fig.  1). 
Calculations  for  the  16- cc/min  flow  rate  and  Tb  =  608 
K  were  repeated  by  adjusting  the  Arrhenius  parameters 
of  the  precursor-controlling  reaction  (R2)  to  obtain  a 
wall-deposition  profile  close  to  that  of  the  experiment 
The  best-fit  profile  was  obtained  with  A  a  2.1  xlO14  s' 
1 ,  Ea  =  30  kcal/mole  and  is  shown  by  the  broken  line  in 
Fig.  2.  Also  shown  are  predictions  in  Fig.  2  for  a  lower 
block  temperature  of  543  K  using  this  model.  Since  the 
initial  5-cm  section  of  the  tube  was  not  heated, 
deposition  did  not  occur  there. 

A  comparison  of  calculations  and  experimental  data 
(cf  Fig.  2)  elucidate  the  limitations  of  the  two-step 
chemistry  model.  The  first  important  difference  is  that 
calculations  at  Tb  =  608K  yielded  a  deposition  peak 
which  is  narrower  than  that  observed  in  the 
experiments.  This  is  due  to  the  direct  transformation  of 
oxygen  to  the  precursor  [cf  reaction  (Rl)]  in  the  model. 
The  high  rate  of  oxygen  depletion  gives  rise  to  a  rapid 
increase  in  the  deposition  rate  (from  10  to  40  (ig/emvh) 
when  the  fuel  enters  the  heated  section.  A  high 
precursor-removal  reaction  rate  is  used  to  limit  the  peak 


deposition  at  -  40  jig/an2/h  which,  in  turn,  yielded  a 
narrow  peak.  A  change  in  the  calculated  deposition  rate 
seen  at  x  *  16  cm  is  due  to  the  flow  transition  to 
turbulence.  The  increased  mixing  due  to  turbulence 
transported  more  precursors  to  the  wall;  hence,  more 
deposition  occurred.  The  dip  in  the  experimental  data  at 
x  a  14  cm  is  believed  to  be  due  to  the  same  flow 
transition.  The  second  important  difference  is  that  at 
downstream  locations  (x  >  35  cm),  the  model  tends  to 
decrease  the  deposition  rate  to  zero,  whereas  the 
experiments  show  a  deposition  of  the  order  of  5 
|ig/cm2/h.  Once  the  oxygen  in  the  fuel  is  completely 
depleted,  the  precursor  concentration  decreases 
exponentially  due  to  the  precursor  removal  reaction. 
After  a  certain  residence  time,  the  precursors  have  either 
been  transported  to  the  walls  or  become  solubles 
leaving  fuel  downstream  precursor-free.  This  poses  a 
serious  problem  in  the  prediction  of  fouling  associated 
with  pre-beated  fuel  systems.  For  example,  in  the 
experiments  of  Chin  et  al.,12  fuel  pre-beated  to  about 
550  K  was  used.  They  observed  significant  deposition 
in  the  test  section  under  a  variety  of  flow  and  block- 
temperature  conditions.  Two-step  chemistry-model 
calculations  of  this  experiment  predict  no  deposition  in 
the  test  section  because  the  chemistry  described  by  the 
two-step  model  is  completed  within  the  pre-heater, 
leaving  the  fuel  throughout  the  test-section  precursor- 
free.  The  third  important  difference  is  that  when  the 
block  temperature  is  reduced  from  608  to  543  K,  the 
peak  measured  deposition  rate  decreases  from  40  to  10 
pg/cm2/h,  while  the  location  of  the  peak  shifts  axially 
from  20  cm  to  the  end  of  the  tube.  These  changes  in  the 
deposition  rate  are  poorly  predicted  by  the  two-step 
chemistry  model,  as  noted  in  Fig.  2.  At  Tb  =  543  K  the 
calculations  show  a  significant  amount  of  deposition 
along  the  length  of  the  tube,  with  a  peak  at  ~  18  cm.  In 
fact,  the  total  amount  of  deposit  predicted  inside  the 
tube  at  Tb  =  543  K  is  more  than  that  obtained  at  608  K. 
This  result  is  not  in  agreement  with  the  experimental 
results.  The  inability  to  predict  the  correct  wall 
temperature  dependence  of  (be  deposition  rale  is  fell  to 
be  due  in  part  to  the  unity-precursor-sticking-probability 
assumption. 

Predictions  made  with  the  two-step  global-chemistry 
model  for  a  fuel-flow  rate  of  4  cc/min  (broken  lines)  are 
compared  with  the  experimental  data  in  Fig.  3.  The 
peaks  in  the  deposition  have  moved  closer  to  the  tube 
entrance;  however,  again  their  location  and  magnitude 
are  not  in  agreement  with  the  experiments.  Because  of 
the  longer  residence  time  (  -  30  s),  no  deposition  is 
predicted  beyond  x  =  30  cm. 

Tbe  above  comparisons  of  model  predictions  and 
experimental  data  indicate  that  tbe  simple  two-step 
global-chemistry  model  can  not  adequately  describe  the 
deposition  process  for  a  fuel  such  as  the  Jet-A  (USAF- 
2827).  In  general,  the  mode!  provides  reasonable 
predictions  when  the  flow  and  heating  conditions  are 
only  slightly  different  from  those  used  for  calibration,  as 
noted  in  Fig.  2.  However,  a  more  robust  global- 
chemistry  model  must  be  developed  if  CFDC  codes  are 
expected  to  predict  fouling  in  experiments  where  flow 
conditions  differ  greatly. 


IV  5 


New  Omnisiot  Mortal 

Experiments  of  Kauffman  et  al.13  suggest  that 
deposit-forming  precursors  are  generated  through 
chemical  reactions  involving  hydroperoxides  but  not 
directly  formed  from  the  autoxidation  process. 
Therefore,  with  this  in  mind,  the  peroxy-radical  was 
introduced  in  the  new  model  as  a  separate  species. 
Jones  et  al.14  conducted  non-flowing,  static  experiments 
by  heating  a  flask  containing  fuel  and  metal  coupons. 
Deposition  on  the  metal-coupon  surfaces  and  growth  of 
insoluble  particles  in  the  bulk  fuel  were  studied  as 
functions  of  time  for  a  fixed  temperature.  They 
observed  that  the  deposition  rate  on  the  metal  coupons 
remained  constant,  even  though  the  concentration  of  the 


bulk-insoluble  materials  increased  linearly  with  time 
which  implies  that  the  deposition  rate  is  independent  of 
bulk-insoluble  concentration  in  the  bulk  fuel.  This  led 
to  the  interesting  conclusion  that  the  bulk-insoluble 
materials  and  the  deposit-forming  precursors  are 
generated  through  separate  pathways  but  probably 
involve  the  same  hydroperoxides.  In  time,  the  bulk 
insolubles  probably  agglomerate;  and,  in  a  flowing 
system,  the  large  bulk-insoluble  panicles  may  stick  to 
the  walls  upon  collision  and  become  deposits.  The  new 
global-chemistry  model  developed  using  these  ideas, 
consists  of  four  species;  namely,  O2,  ROO*,  P,  and 
Dgulk-  The  global-chemical  kinetics  involving  the 
above  species  is  given  in  Tables  1  and  2. 


Table  1:  Bulk-fuel  reactions  used  in  new  global-chemistry  model 
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Table  2:  Wall  reactions  used  in  new  global -chemistry  model 
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Reactions  (R4)  •  (R9)  occur  in  the  fuel,  whereas 
(RIO)  -  (R12)  are  the  termination  reactions  that  occur  on 
the  walls.  With  this  chemical  mechanism,  the  peroxy 
radicals  that  are  generated  through  the  autoxidation 
reaction  (R4)  are  assumed  to  have  zeroth-order  with 
respect  to  dissoived-oxygen  concentration.  However,  as 
the  oxygen  concentration  fails  below  the  10-ppm  level, 
the  mechanism  switches  to  first-order  reaction  with 
oxygen.  Some  of  the  peroxy  radicals  are  assumed  to 
decompose  to  solubles  through  the  reaction  (R5).  The 
remaining  peroxide  radicals  are  assumed  to  be  involved 
in  the  generation  of  deposit-forming  precursors  (P)  and 
bulk  insolubles  (E>Bulk)  through  separate  pathways  (R6) 
and  (R7).  Here,  Fg  is  the  component  of  the  fuel  that  is 
assumed  to  be  responsible  for  characterizing  the  thermal 
stability  of  the  overall  fuel.  It  could  represent  species 
such  as  copper,  sulfur,  and  nitrogen.  Note  that  Fg  is  a 
non  depleting  species  in  the  model  and  therefore,  can 
also  be  viewed  as  a  part  of  the  pre-exponential  of  the 
Arrhenius  rate  expression  for  (R6).  The  precursor- 
removal  reaction  is  retained  in  this  model  as  (R8). 
Finally,  the  agglomeration  of  the  bulk  insolubles  is 
chemically  expressed  as  (R9).  A  zero  activation  energy 
for  this  reaction  allows  the  growth  of  large-size  particles 
in  time.  Note  that  the  units  for  pre-exponentials  in 
Tables  1  and  2  do  not  correspond  to  the  bimolecular 
reactions  as  the  concentrations  of  species  F  and  Fg  are 
assumed  to  be  constant  and  are  treated  as  portions  of  the 
respective  pre-expoientials. 

The  above  reaction  mechanism  yields  precursors 
and  bulk  insolubles  in  the  fuel  which  are  then 
transported  to  the  walls  by  diffusion  and  convection. 
All  species  except  Dbuuc  are  assumed  to  have  the  same 
diffusion  coefficient  as  oxygen.  A  measured  value  of 
8.0  x  10-*  cm2/s  is  used  for  the  diffusion  coefficient  for 
the  large  Dnulk  particles;15  this  is  -  10,000  times 
smaller  than  the  diffusion  coefficient  of  the  oxygen 
molecules  and  corresponds  to  a  particle  having  a 
diameter  of  0.3  |im.  The  number  of  P  and  Deulk 
particles  that  attach  to  the  wall  and  transform  into  wall 
deposit,  Dwan.  is  dependent  on  the  sticking  probability 
and  the  concentration  gradient  of  the  respective  species. 
The  sticking  probability  is  defined  as  the  probability 
that  a  particle  reaching  the  wall  will  remain  at  the  wall 
and  is  usually  characterized  by  an  Arrhenius-type 
dependence  on  surface  temperature.16  It  is  also  known 
that  the  sticking  probability  decreases  with  increasing 
fuel  velocity  or  flow  rate  due  to  shear  force.  Watkinson 
and  Fpstein17  argued  that  the  sticking  probability  might 
display  a  stronger-than-Iinear  dependence  on  the 
reciprocal  of  friction  velocity  (or  square  root  of  shear 
stress).  Table  2  shows  the  wall  reaction  mechanism  that 
is  developed  by  considering  the  effect  of  temperature 
and  velocity  on  the  sticking  probability. 

The  high  viscosity  of  die  fuel  causes  a  laminar  suo- 
layer  of  very  slowly  moving  fluid  to  form  adjacent  to 
the  walls.  The  longer  residence  time  associated  with  this 
fluid  and  other  unknown  factors  appear  to  cause  the  aut¬ 
oxidation  reaction  (R4)  to  under  predict  the  chemical- 
reaction  rate  within  this  layer.  Therefore,  another 
autoxidation  reaction  which  yields  precursors  directly  is 


included  as  a  wall  reaction  (R10)  in  the  model.  The 
reactions  (Rll)  and  (R12)  represent  the  attachment  of 
particles  P  and  Dgulk  1°  the  wall.  Finally,  the  rate  of 
deposition  on  the  wall  is  expressed  as 


where  xwan  is  the  .hear  stress  at  the  wall  and  c  is  a 
constant  that  takes  the  units  of  x°  7 

The  rew  global-chemistry  model  described  above  is 
calibrated  for  Jet-A  (USAF-2827)  fuel  using  the 
experimental  data  in  Figs.  1  and  2.  It  is  assumed  that 
the  concentration  of  sulfur  and  other  deposit-generating 
species  (Fg)  in  this  fuel  is  -  100  ppm.  Values  obtained 
for  the  pre-exponential  and  activation  energy  of  each  of 
the  reactions  (R4)  -  (R 12)  are  given  in  Tables  1  and  2. 

The  calibrated  deposition  profiles  at  Tb  =  608  and 
543  K  are  shown  in  Fig.  2  with  solid  lines.  The  new 
model  is  able  to  correctly  represent  the  changes  in  the 
magnitude  and  location  of  the  deposition  peaks  for  the 
two  block  temperatures.  The  broad-peak  characteristic 
at  higher  block  temperatures  is  well  reproduced.  At 
downstream  locations  (x  >  40  cm),  the  attachment  of 
bulk-insoluble  particles  to  the  walls  yields  a  fairly 
constant  deposition  which  matches  the  experimental 
data.  Overall,  Oie  new  model  yields  a  fairly  accurate 
calibration  for  the  experimental  data. 

With  all  values  in  Tables  1  and  2  being  maintained 
constant,  predictions  are  made  for  the  4-cc/min  flow¬ 
rate  case.  Results  in  the  form  of  deposition  rate  are 
shown  with  solid  lines  for  the  two  block  temperatures  in 
Fig.  3.  The  deposition  peak  at  this  flow  rate  has  moved 
from  9  to  16  cm  when  the  block  temperature  was 
decreased  from  608  to  543  K.  This  agrees  favorably 
with  the  experimental  results.  The  predicted  shift  in 
peak -deposition  location  with  block  temperature  is  due 
in  part  to  the  low  activation  energy  ( 1 5  kcal/mole)  used 
for  the  precursor-generation  reaction  (R6)  and  in  part  to 
the  change  in  heat  transfer.  On  the  other  hand,  the  shift 
in  the  peaks  obtained  by  the  simple  two-step  global- 
chemistry  model  (c>  dashed  lines  in  Fig.  3)  was  mainly 
due  to  the  change  in  heat  transfer  as  a  result  of  the  high 
activation  energy  (32.5  kcal/mole)  of  the 
autoxidation/precursor  formation  reaction.  Choice  of 
such  a  low  activation  energy  for  reactions  similar  to 
(R6)  can  also  be  found  in  the  literature.  In  a  study  of 
autoxidation  chemistry,  Zabamick18  proposed  an 
activation  energy  of  10  kcal/mole  for  hydroperoxides 
formation  based  on  H-atom  abstraction  reactions.  '9 
The  new  model  predictions  for  deposition  piofilcs, 
including  the  'ail  regions  at  both  block  temperatures 
(solid  lines  in  Fig.  3),  are  in  good  agreement  with  the 
experimental  data.  It  is  apparent  from  the  shapes  of  the 
deposition  profiles  at  Tb  =  608  K  in  Figs.  2  and  3  that 
1)  the  chemistry  shown  in  Tables  1  and  2,  except  for 
reactions  (R9)  and  (R12),  is  completed  within  the  test- 
section  and  2)  the  total  deposition  (i.e.,  area  under  the 
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curve)  of  620  ^ig/h  at  16  cc/min  is  nearly  four  times  that 
of  182  |tg/h  at  4  cc/min.  Reaction  (R9)  progresses  very 
slowly  and  yields  only  small  amounts  of  deposit  at  these 
flow  rates.  Since  oxygen  is  the  only  consumable 
reactant  in  the  model,  the  observation  that  the  chemistry 
is  completed  in  the  test  section  suggests  that  the 
incoming  oxygen  is  being  totally  consumed  within  the 
test  section  at  both  the  4-  and  16-cc'min  flow  rates. 
Also,  the  total  deposition  for  16  cc/min  is  about  4  times 
that  at  4  cc/min  which,  suggests  that  the  total  deposition 
is  nearly  proportional  to  the  total  amount  of  oxygen 
flowing  through  the  tube. 

Ihe  strong  dependence  of  deposition  on  oxygen  was 
studied  experimentally  by  changing  the  amount  of 
initial  dissolved  oxygen  it.  the  Jet-A  fuc!  The  block 
temperature  and  fuel-flow  rate  were  fixed  at  S73  1C  and 
16  cc/min,  respectively.  The  desired  concentration  of 
dissolved  oxygen  was  achieved  by  initially  sparging  the 
fuel  with  nitrogen  and  then  with  a  mixture  of  oxygen 
-ud  nitrogen  with  a  specified  volumetric  ratio.  A  GC 
system  was  used  t  >  measure  the  relative  diasolvcd- 
oxygen  concentration.10  This  system  was  calibrated  by 
assuming  that  the  oxygen  level  obtained  when  the  fuel 
was  sparged  with  pure  oxygen  was  the  saturation  value 
of  298  ppm.  The  total  deposit  inside  the  test  section 
after  6  h  of  stressing  was  measured  and  the  data  are 
plotted  in  Fig.  4  for  different  initial  dissolved-oxygcn 
concentrations.  The  data  show  (hat  the  total  deposition 
increases  linearly  with  the  amount  of  dissolved  oxygen. 
Extrapolation  of  these  data  to  very  low  oxygen 
concentrations  indicates  a  threshold  concentration 
below  which  no  deposition  occurs.  This  could  be  due  to 
the  well-known  induction  phenomenon20  associated 
with  fouling. 

Calculations  have  been  made  for  the  same 
conditions  using  the  two  chemistry  models  discussed 
earlier.  The  results  are  shown  in  Fig.  4  along  with  the 
experimental  data.  It  is  important  to  note  that  the  two- 
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Fig.  4.  Total  deposit  in  tube  for  different  levels  of 
initial  dissolved  oxygen.  Fuel  flow  rate  16  cc/min  and 
Tb  =  573  K. 


step  and  new  global-chemistry  models  have  been 
calibrated  for  the  experimental  data  o  -tained  with  Tb  * 
608  K.  Both  the  two-step  (dashed  line)  and  new  (solid 
line)  models  predict  zero  deposition  only  when  no 
dissolved  oxygen  is  present  initially.  This  is  expected 
since  neither  model  takes  into  account  inductor 
behavior.  In  general,  the  two-step  model  over  predicts 
deposition;  however,  it  predicts  the  linear  dependence 
between  deposition  and  initial  oxygen  concentration. 
Predictions  of  the  new  model  are  in  good  agreement 
with  the  experimental  results.  The  change  in  sk>pe  for 
the  new-inode!  calculations  at  about  7%  initial  oxygen 
concentration  is  due  to  the  constraint  that  autoxidation 
switches  from  zeroth  to  first-order  when  the  local 
■exygen  level  fc.Hs  below  the  10- ppm  level  used  in  die 
model. 

Near-Isothermal  Experiment 

The  ability  of  the  models  was  further  tested  through 
prediction  of  deposition  under  different  flow  and 
temperature  conditions.  Using  very’  low  flow  rates  and 
longer  test  sections,  Jones  et  al.8  were  able  to  develop  a 
near- isothermal  heated-tube  test  section.  They  used  the 
same  Jet-A  (USAF-2827)  fuel  as  dial  employed  in  d*i 
Phoenix  rig.  The  outside  diameter  and  the  length  of  the 
standaid  fuel  tube  were  0.3175  and  91.44  cm, 
respectively.  Experiments  were  also  conducted  with 
tubes  having  a  bore  size  about  twice  that  of  the  standard 
ones.  The  central  81  28-nun  section  of  the  fuel  tube  wa, 
heaxd  with  a  copper  block  which  was  maintained  at  a 
constant  temperature  In  some  experiments  a  second 
heated  test  section  was  connected  in  scries  with  die  first 
one  to  capture  the  entire  deposition  profile.  The 
experiments  reported  here  were  made  at  a  corner  block 
temperature  of  438  K.  Because  of  the  low  flew  rate* 
(usually  less  tiian  1  cc/min),  fuel  attains  the  block 
temperature  within  the  initial  10  cm  of  the  test  section 
and  remains  isothermal  in  the  remainder  of  the  test 
section. 

For  a  flow  rate  of  0.5  cc/min.  the  predicted  and 
measured  deposition  inside  the  standard-size  and  larger- 
bore  tubes  is  plotted  in  Fig.  5.  In  both  tubes  the 
deposition  peaks  predicted  by  the  simple  two-step 
model  (dashed  lines)  are  very  close  to  the  entrance  to 
the  heated  section  (note  dial  Die  initial  5.08  cm  of  the 
tube  was  not  heated).  Whereas,  in  experiments, 
deposition  peaks  in  die  standard-size  and  larger- bore 
tubes  occurred  at  about  x=7()  and  35  cm,  respectively. 

Results  obtained  with  the  new  model  are  shown  in 
Fig.  5  with  the  solid  lines.  11k*  new  model  estimated 
the  maximum  deposition  fairly  well,  hut  the  locations 
of  the  predicted  peaks  do  not  match  with  those  obtained 
in  the  experiments.  However,  the  model  predicted  a 
shift  in  die  locations  of  (he  p,  ik  deposition  from  x  *  27 
to  1 1  cm  when  die  tube  size  was  changed  from  standard 
to  larger  bore,  which  qualitatively  agrees  with 
experiments.  The  shift  in  deposition  profiles  in  the 
calculations  is  occurring  due  to  the  difference  in  fuel 
residence  times  (fuel  velocities)  in  the  two  tubes  Since 
the  fuel  in  the  two  tubes  is  at  a  nearly  constant 
temperature,  the  chemical  reactions  should  progress 


Fig.  S.  Predicted  and  measured  deposition  in  near- 
isothermal  (458  K)  heated-tube  experiment  using  two 
different  bore  sizes. 

identically  with  respect  to  residence  time.  As  the  same 
flow  rate  is  employed,  fuel  in  the  larger-bote  tube  flows 
at  a  velocity  equal  to  one-fourth  that  in  the  shindard-size 
tube.  If  the  initial  5.08  cm  of  tube  section  which  is  not 
heated  is  neglected,  the  two  predicted  spatial  locations 
of  the  deposition  peaks  correspond  to  the  same  point  on 
the  residence  time  scale.  However,  the  experimental 
data  do  not  support  this  prediction.  Peak  deposition  in 
(lie  larger-bore  tube  occurs  much  later  in  time  than  that 
in  the  smaller,  standard-size  tube.  In  ottler  to  understand 
this  difference  between  the  calculations  and  the 
experimental  data,  oxygen  consumption  in  the  near- 
isothermal  system  is  examined. 

The  expected  amount  of  dissolved  oxygen 
remaining  in  the  fuel  along  the  length  of  the  standard- 
size  tube  is  plotted  in  Fig.  6.  Note  that  axial  distance  is 
replaced  by  residence  time  in  this  plot.  Both  the 
experimental  and  computed  data  were  obtained  by 
measuring  oxygen  content  in  the  fuel  at  the  exit  of  the 
tube  at  different  flow  rates  (or  residence  times).  It  is 
evident  that  oxygen  is  depleting  in  the  model  much 
earlier  than  in  the  experiment  (Fig.  6).  This  is  felt  to  be 
the  reason  for  the  difference  in  the  predicted  and 
experimental  deposition  profiles  in  Fig.  5.  The  zeroth- 
order  auloxidation  reaction  in  the  new  model  was 
actually  calibrated  using  the  data  obtained  at  higher 
temperatures  on  a  different  rig.  The  data  of  Fig.  6 
suggest  that  a  single  set  of  Arrhenius  parameters  is  not 
sufficient  to  describe  the  auloxidation  process  in  Jet-A 
fuel  over  a  wide  range  of  temperatures.  These 
experimental  data  also  indicate  that  initially  oxygen 
consumption  progresses  very  slowly  and  then  at  a  rapid 
rate-a  feature  not  observed  at  elevated  temperatures. 
Jones  et  al.8  felt  that  some  sort  of  autocatalysis 
mechanism  triggers  the  higher  oxygen  consumption 
rate,  while  Heneghan  and  Zabamick9  argued  that 
radical  chain  reactions  are  responsible  for  this  behavior. 
In  either  case,  a  single-step  auloxidation 


Fig.  6.  Measured  and  computed  dissolved  oxygen  for 
different  residence  times  in  near-isothermal  (458  K) 
heated-tube  experiment. 

reaction  cannot  explain  the  change  in  oxygen 
consumption  rate.  Future  efforts  should  be  focused  on 
improving  the  autoxidation  reaction  for  a  global- 
chemistry  model  which  will  be  valid  over  a  wide  range 
of  temperatures. 

Overall,  ;i»e  new  model  has  provided  significant 
improvement  in  the  prediction  of  fouling  in  heated  tubes 
(cf  Figs.  2  -  5).  Although  the  chemistry  model  (cf 
Tables  1  and  2)  contains  several  constants,  most  of  them 
are  felt  to  be  fuel  independent.  To  extend  this  model  to 
a  different  fuel,  one  must  calibrate  the  autoxidation 
reaction  (K4)  and  determine  the  concentration  of  Fs  in 
the  fuel.  Since  Fs  represents  unknown  species  in  the 
fuel,  it  will  not  be  possible  to  measure  its  concentration 
in  the  near  future.  However,  it  may  be  possible  to 
estimate  Fs  by  conducting  some  simple  static 
experiments. 

Calibration  of  New  Model  with  Static 
Experiments 

Jones  et  al.15  have  conducted  static  experiments  in 
which  a  small  amount  of  Jet-A  fuel  (330  cc)  was  placed 
in  a  flask  and  heated  it  to  485  K.  Oxygen  was 
continuously  bubbled  into  the  fuel  al  -  0.2  cc/min/ce  of 
fuel.  This  agitation  helped  maintain  equilibrium 
conditions  for  the  fuel  in  the  flask  and  replenished  the 
fuel  with  oxygen  as  it  was  consumed.  Off-line  GC 
measurements  showed  a  constant  49.5-ppm 
concentration  of  dissolved  oxygen  in  the  fuel.  Small 
metal  coupons,  suspended  in  the  flask,  were  submerged 
completely  in  the  fuel.  Typically,  the  experiments  were 
conducted  over  a  period  of  6  h.  Periodically,  some  of 
the  metal  coupons  and  small  quantities  of  the  fuel  were 
extracted  from  the  flask  to  determine  the  amount  of 
insoluble  solids  present.  The  static  flask  experiments 


are  examined  below  to  determine  their  usefulness  in 
estimating  values  of  Ff  in  the  new  model. 

The  static  experiment  may  be  treated 
mathematically  as  a  flowing  r ystem  under  the  following 
conditions.  First,  the  fuel  is  made  to  flow  at  a 
sufficiently  low  velocity  through  a  tube  such  that  it  is 
basically  static  in  the  tube  for  the  duration  of  the 
experiment  The  tube  is  assumed  to  be  heated  with  a 
copper  block.  The  tube  surface  represents  the  metal 
coupons  in  the  flask,  and  the  bulk  fuel  in  the  tube 
represents  the  bulk  fuel  in  the  flask.  Second,  the 
isothermal  conditions  in  the  flask  are  simulated  by 
instantaneously  preheating  the  fuel  to  485  K,  the  flask 
temperature,  at  tune  t  *  0.  This  temperature  is 
maintained  for  the  duration  of  the  experiment.  Third, 
the  dissolved  oxygen  in  the  fuel  is  replenished 
continuously  as  it  is  consumed  (i.e.,  mathematically,  the 
net  rate  of  consumption  of  oxygen  =  0).  Because  of  the 
very  low  flow  rate,  fuel  inside  the  tube  attains  chemical 
equilibrium  very  quickly  which  results  in  a  uniform 
deposition  rate  along  the  tube.  Assuming  that  all  the 
constants  in  Tables  1  and  2  are  fixed  for  the  given  fuel 
(for  example  Jet-A)  then  this  deposition  rate  becomes  a 
function  of  (he  concentration  of  Fs  only. 

Predicted  depositions  on  the  tube  wall  for  different 
concentrations  of  Fs  are  shown  in  Fig.  7  as  functions  of 
stress  duration  (not  residence  time,  since  the  fuel 
velocity  is  extremely  low  and  only  a  small  amount  of 
fuel  exits  the  tube).  The  computed  deposition  rates  for 
Fs  concentrations  of  150,  100  and  50  ppm  are  6.25, 
4.84,  and  3.04  pg/cm2/h,  respectively.  Experimental 
data  obtained  from  the  metal  coupons  are  also  plotted  in 
Fig.  7.  The  slope  of  the  bestfit  line  representing  the 
experimental  data  is  3.58  pg/cm2/h.  This  rate  could  be 
slightly  higher  since  the  deposit  on  the  metal  coupons  in 
a  static  experiment  is  loosely  bonded,  and  a  fraction  of 
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Fig.  7.  Calculated  and  measured  deposition  on  discs  in 
static  experiment.  Small  metal  coupons  (discs)  were 
immersed  in  fuel  at  458  K.  contained  in  a  flask. 
Calculations  were  used  tc  estimate  concentration  of  Fs 
in  Jet-A  fuel. 


the  total  deposit  might  be  lost  during  the  washing  and 
rinsing  processes.  With  this  in  mind,  a  comparison 
between  the  calculated  and  experimental  data  yields  a 
concentration  between  50  and  100  ppm  for  F„  in  Jet-A. 
As  seen  from  Figs.  2  -  5,  a  value  of  100  ppm  for  F, 
yielded  reasonable  predictions  for  deposition  for 
different  temperatures  and  flow  rates.  A  possible 
strategy  for  calibrating  the  new  global-chemistry  model 
given  in  Tables  1  and  2  for  a  new  fuel  is  as  follows:  1) 
determine  the  Arrhenius  parameters  for  the  autoxidation 
reaction  (R4)  by  conducting  relatively  simple  oxidation 
experiments  using  flowing  systems  such  as  the  Phoenix 
rig,  and  2)  with  all  other  constants  unaltered,  estimate 
the  amount  of  F,  present  in  the  fuel  by  performing  the 
inexpensive  static  experiments  discussed  above. 

5  SUMMARY  AND  CONCLUSIONS 

The  simplified  two-step  global-chemistry  models 
developed  previously  are  not  sufficient  for  simultaneous 
prediction  of  the  deposition  and  oxidation  rates 
associated  with  different  fuels  and  operating  conditions. 
Recent  experiments  with  a  Jet-A  fuel  have  suggested 
that:  1)  the  rate  of  oxygen  consumption  is  independent 
of  the  amount  of  dissolved  oxygen,  2)  wall  deposition  is 
not  closely  following  die  oxygen  depletion  even  though 
the  former  strongly  depends  on  the  latter,  and  3)  wall 
temperature  has  a  pronounced  effect  on  deposition. 
Static  experiments  wilh  this  fuel  also  indicate  that  bulk 
insolubles  and  wall  deposits  are  generated  through 
separate  chemical  pathways.  Based  on  these 
observations  a  new  global-chemistry  model  was 
developed  for  fouling  in  heated  tubes.  A  zeroth -order 
autoxidation  reaction  is  incorporated  into  the  model  and 
is  found  to  predict  correctly  oxygen  depletion  starting 
from  different  initial  concentrations.  More  realistic 
wall-deposition  profiles  arc  obtained  by  introducing  an 
intermediate  species  ROO,‘  which  is  felt  to  be  a  product 
of  fuel  autoxidation,  for  the  generation  of  deposit¬ 
forming  precursors.  Bulk  insolubles  are  generated 
through  the  reaction  (R7)  and  are  allowed  to 
agglomerate.  The  slicking  probability  which  is  a 
function  of  both  wall  temperature  and  friction  velocity 
is  incorporated  into  the  new  model  for  the  attachment 
of  precursors  and  bulk  panicles  to  the  wall.  The  model 
has  been  successfully  used  to  predict  the  changes  in 
magnitude  and  location  of  the  deposition  peaks  for  the 
high  temperatures  and  flow  velocities  of  the  Phoenix-rig 
experiments. 

For  near-isothermal,  lower  temperature,  long- 
residence-time  experiments,  the  new  model  did  not 
correctly  predict  the  location  of  peak  deposition  for  two 
different  tube  diameters.  The  model  predicted 
consumption  of  oxygen  much  earlier  in  these  tubes  than 
what  was  observed  in  the  experiments.  The 
disagreement  between  experimental  results  and 
predictions  of  the  new  model  is  possibly  due  to  the  lack 
of  an  autocataJysis-type  mechanism  in  the  global- 
chemistry  model.  Since  the  predicted  deposition 
profiles  for  low-temperature  conditions  seem  to  be 
shifted  only  spatially  from  the  experimental  profiles  (cf 
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Fig.  5),  introduction  of  autocatalysis  into  the  model 
might  alleviate  this  problem. 

The  bulk  insolubles  I>BuLk  <n  this  study  were  used 
only  to  provide  small  amounts  of  deposit  toward  the  end 
of  the  test  section.  In  flowing  experiments  which 
employ  p re-heated  fuel,  part  or  all  of  the  precursor 
related-reactions  could  be  completed,  within  the  pre¬ 
heater.  Therefore,  t>Bulk  is  expected  to  be  the  major 
contributor  to  wall  deposition  in  preheated  experiments. 
The  new  model  has  the  potential  for  predicting 
deposition  in  such  pre-heated-type  flow  systems.  In 
order  to  explore  this  capability,  the  reactions  (R7)  and 
(R8)  must  be  calibrated  more  accurately.  Bulk 
insolubles  that  remain  in  the  fuel  also  represent  the 
filterable  bulk  deposits.  Since  the  deposits  that  are 
collected  by  filters  in  the  experiments  represent  only  a 
fraction  of  the  total  bulk  deposits  (due  to  the  practical 
size  of  the  filter),  no  attempt  is  made  to  calibrate  the 
model  for  bulk  insolubles.  However,  future 
experiments  with  filters  of  different  sizes  might 
facilitate  the  determination  of  Arrhenius  parameters  for 
the  reactions  (R7)  and  (R8). 

The  CFDC  model  designed  for  flowing  experiments 
has  been  successfully  extended  to  simulation  of  static 
flask  experiments  in  which  metal  coupons  are  used. 
Results  suggest  that  the  concentration  of  F,  in  a  given 
fuel  can  be  estimated  using  the  quick  and  inexpensive 
static  experiments.  The  flask  experiments  of  Jones  et 
al.15  also  provide  information  on  the  growth  of 
insolubles'  in  the  bulk  fuel,  in  addition  to  the  deposits  on 
the  metal  coupons.  If  the  reactions  (R7)  and  (R8)  could 
be  calibrated  using  this  information,  then  the  static 
experiments  would  become  an  important  tool  in  model 
calibration  and  development  However,  this  procedure 
must  be  examined  in  the  future. 
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Discussion 


Question  1.  M.F.  Bardon 

Are  the  various  high  temperature  targets  technically  possible  but  too  expensive  at  present,  or  are  the  higher  ones,  such  as  900 
degrees  F,  impossible  at  any  price  right  now? 

Author’s  Reply 

The  aircraft  fuel  with  the  highest  thermal  stability  is  JP-7.  If  one  removes  the  dissolved  oxygen  from  this  fuel,  it  will  tome  close  to 
being  JP-900  fuel.  Our  research  is  not  far  enough  along  to  know  if  a  JP-900  fuel  can  be  developed  when  dissolved  oxygen  remains 
in  the  fuel. 

Question  2.  Dr  L.  lanovski 

Your  new  global  chemical  model  is  approximate.  How  have  you  determined  the  values  of  the  kinetic  parameters?  Metal  is 
deactivated  by  coke  deposits.  What  methods  are  used  to  take  this  into  account  in  your  model? 

Author’s  Reply 

The  values  of  the  parameters  given  in  Tables  1  and  2  were  determined  by  experience  and  the  trial  and  error  fitting  with 
experimental  data.  A  more  systematic  approach  is  needed  hut  we  have  not  yet  looked  into  how  to  do  this. 

The  model  has  a  surface  activation  term  that  is  important  at  low  temperatures.  In  Reference  5,  we  used  an  empirically 
determined  surface  thickness  term  to  change  the  rate  of  surface  reaction.  This  term  has  not  been  put  into  the  present  model 
because  there  is  concern  about  it  being  physically  correct. 
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1.  SUMMARY 

The  objective  of  the  Innovative  High  Temperature  Aircraft  Engine 
Fuel  Nozzle  Program  was  to  design  and  evaluate  a  nozzle  capable 
of  operating  at  a  combustor  inlet  air  temperature  of  1600°F  (1144 
K)  and  t.  fuel  temperature  of  350'F  (450  K).  The  nozzle  was  de¬ 
signed  to  meet  the  same  performance  requirements  anc  fit  within 
the  size  envelope  of  a  current  production  dual  orifice  fuel  nozzle. 
The  design  approach  was  to  use  improved  thermal  protection  and 
fuel  passage  geometry  in  combination  with  fuel  passage  surface 
treatment  to  minimize  coking  at  these  extreme  fuel  and  air  tempera¬ 
tures.  Heat  transfer  models  of  several  fuel  injector  concepts  were 
used  to  optimize  the  theimal  protection,  while  sample  tube  coking 
tests  were  run  to  evaluate  the  effect  of  surface  finish,  coatings  and 
tube  material  on  the  coking  rate.  Based  on  heat  transfer  analysis, 
additional  air  gaps,  reduced  fuel  passage  flow  area  and  use  of 
ceramic  tip  components  reduced  local  fuel  wetted  wall  tempera¬ 
tures  by  more  than  200°F  ( 1 10  K)  when  compared  to  a  current  pro¬ 
duction  fuel  nozzle.  Sample  tube  coking  test  results  showed  the  im¬ 
portance  of  surface  finish  on  the  fuel  coking  rate.  Therefore,  a  one 
micro-inch  (0.025  micron)  roughness  was  specified  for  all  fuel  pas¬ 
sage  surfaces.  A  novel  flow  divider  valve  in  the  tip  was  also 
employed  to  reduce  weight,  allow  room  for  additional  thermal 
protection,  and  provide  back  pressure  to  reduce  the  risk  of  fuel 
vaporization  The  fuel  nozzle  was  fabricated  and  evaluated  in  a 
series  of  high  temperature  coking  tests.  Initia1  results  of  these  tests 
indicate  that  thermal  protection  and  surface  treatments  were  partial¬ 
ly  successful  in  preventing  nozzle  fouling,  but  additional  refine¬ 
ment  of  the  internal  flowpath  is  needed  to  prevent  buildup  of  coke 
particles  that  partially  blocked  the  spin  slots  which  meter  the  nozzle 
fuel  flow. 


ii.  INTRODUCTION 

Advanced  military  high  performance  gas  turbines  will  require  both 
increased  pressure  ratio  for  improved  cycle  effic;enoy  and 


increased  use  of  fuel  as  a  heat  sink  for  both  airframe  and  engine 
cooling.  These  two  trends  will  increase  both  combustor  inlet  air  and 
fuel  temperatures.  Therefore,  innovative  fuel  injector  designs  will 
be  required  to  successfully  operate  in  this  thermally  hostile  environ¬ 
ment. 

The  primary  concern  in  the  design  of  high  temperature  fuel  injectors 
is  the  phenomenon  of  fuel  coking.  Coking  is  the  formation  of  insol¬ 
uble  hydrocarbon  compounds  in  the  fuel  by  autoxidation.  This  re¬ 
sults  in  deposits  of  gum.  tars,  varnish  and  solid  carbon  on  fuel  pas¬ 
sage  surfaces.  The  deposits  restrict  flow  and  can.  in  turn  lead  to  a 
significant  reduction  in  combustor  performance  ami  life.  Coking 
rates  depend  on  many  factors  such  as  wetted  wall  temperatures,  fuel 
residence  time  at  temperature,  total  volume  of  fuel  passed  through 
the  system,  and  fuel  thermal  stability  (Lyon,  1992)  Therefore,  a 
simple  bulk  fuel  or  wetted  wall  temperauire  design  limit  does  not 
exist.  However,  G5AE  experience  has  shown  that  fuel  nozzle  cok¬ 
ing  becomes  a  significant  problem  in  current  production  fuel  injec¬ 
tors  when  wetted  wall  temperatures  approach  4001  F (477  K).  Main¬ 
taining  the  400°F  maximum  wetted  wall  temperature  guideline  at 
the  design  goals  of  this  program  (Tabic  1)  is  an  extreme  challenge. 

Tibia  1.  Innovative  Fuel  Nozzle  Design  Goats. 


Air  Temperature 
Fuel  Temperature 
Operability 
Smoke 

Life 

Fuel  Capability 


1600*F(1144  K) 

330°F  1450  K.) 

Full  Envelope 
Invisible  with  JP  5  and 
12.5%  H2  fuel 
Full  Aircraft  Life 
JP-5.DFM  (JPTOT2  477K) 


There  arc  four  basic  approaches  to  minimize  fuel  injectoi  cokmg: 
1 )  Change  to  a  more  thermally  stable  fuel  2  >  Actively  cool  the  fuel 
mjectoi  with  air  or  fuel  in  a  separate  cooling  circuit.  3)  ImproVv  fuel 
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passage  geometry  and  thermal  protection  to  reduce  wetted  wall 
temperatures,  4)  Treat  fuel  passage  surfaces  to  inhibit  coking. 

Changing  fuels  was  not  an  option  in  this  program.  In  fact,  future 
fuel  tb*.i' mat  stability  will  probably  decrease  (Lyon,  1992).  Actively 
cooling  the  injector  would  reduce  coking,  but  it  is  in  conflict  with 
the  continuous  effort  to  reduce  weight  and  simplify  the  fuel  system. 
Thermal  protection  alone  will  not  meet  the  goals  of  this  program. 
However,  fuel  passage  surface  treatment  offers  the  potential  to  re¬ 
duce  the  coking  rate  to  acceptable  levels  at  elevated  wetted  wall 
temperatures.  Therefore,  the  GEAE/Fuel  Systems  Textron 
approach  was  a  combination  of  improved  thermal  protection  and 
surface  treatment. 

The  innovative  fuel  nozzle  designed  for  this  program  meets  the  flow 
and  spray  requirements  and  fits  within  the  size  envelope  of  the  Tex¬ 
tron  F404  dual  orifice  fuel  nozzle  shown  in  Figure  1 .  All  tempera¬ 
ture  predictions  and  design  features  will  be  compared  to  the  F404 
baseline. 
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An  axisymmetric  heat  transfer  model  of  the  F404  tip  was  used  to 
evaluate  thermal  design  features  to  reduce  nozzle  wall  tempera¬ 
tures.  The  model  has  been  described  by  Stickles  etal.  (1992).  Max¬ 
imum  steady  state  wetted  wall  temperatures  in  the  fuel  nozzle  occur 
at  a  cruise  condition  rather  than  at  maximum  thrust  condition.  This 
is  due  to  the  cooling  effect  of  the  high  fuel  flow  rate  at  the  maximum 
thrust  condition.  At  cruise,  combustor  inlet  temperature  is  still  high, 
but  fuel  flow  is  much  lower.  Thus,  wetted  wall  temperatures  are  at 
a  maximum.  A  cruise  condition  with  a  combustor  inlet  temperature 
of  1166“F  (903  K)  was  used  to  compare  tip  designs.  The  fuel  inlet 
temperature  was  350®F  (450  K). 

Twenty-seven  tip  designs  were  evaluated.  Design  features 
included  reduced  fuel  flow  area,  additional  air  gaps,  modifications 
to  the  tip  inlet  (elbow),  ceramic  nozzle  body,  ceramic  inserts,  ther¬ 
mal  barrier  coatings,  reduced  emissivity  coatings,  and  vacuum 
sealed  insulating  gaps.  All  designs  maintained  the  basic  F404  dual 
orifice  fuel  passages  and  fit  within  the  baseline  envelope. 

Fuel  Flow  Aroa 

The  highest  temperature  region  in  the  baseline  F404  nozzle  was  the 
tip  entrance  or  elbow.  In  this  region  fuel  dumps  from  the  secondary 
fuel  delivery  tube  in  the  support,  to  a  collecting  area  at  the  elbow. 
Low  fuel  flow  velocity  leads  to  very  high  wetted  wall  temperatures. 
Figure  2  shows  the  dramatic  reduction  in  wetted  wall  temperatures 
when  the  flow  area  in  the  elbow  region  is  reduced. 


Baseline  Redesigned  Secondary 

Figure  2.  Redesign  of  Elbow  Significantly 

Reduces  Watted  Wall  Temperatures. 


Figure  1.  Production  F404  Fuel  Nozzle  used  as 
Baseline  for  Innovative  Design 

3.  THERMAL  PROTECTION  FEATURES 

Heat  transfer  analyses  were  conducted  to  develop  insulating  and  hy¬ 
draulic  tip  designs  that  would  minimize  wetted  wall  temperatures. 
Past  experience  has  shown  that  maximum  wetted  wall  temperatures 
along  with  the  associated  coking  problems  occur  ir.  the  nozzle  tip. 
This  is  due  to  a  lack  of  adequate  space  for  proper  heat  shielding, 
combined  with  the  smaller  fuel  flow  passages  that  are  easily 
plugged  by  coke  particles.  More  specifically,  because  it  is  the  outer 
fuel  annulus,  the  secondary  fuel  passage  in  a  dual  orifice  nozzle  is 
where  the  most  severe  wetted  wall  temperatures  occur. 


Figure  3  shows  the  relationship  between  secondary  fuel  flow  area, 
heat  transfer  coefficients  and  wetted  wall  temperatures.  This  also 
confirms  the  need  for  maintaining  high  fuel  velocity  throughout  the 
nozzle.  In  addition  to  heat  transfer  considerations,  increased  fuel 
velocity  also  reduces  residence  time  in  the  fuel  nozzle,  which  re¬ 
duces  the  time  available  for  the  coking  process. 

Uw  of  Solid  Ceramic*  for  Insulation 

Current  fuel  nozzle  thermal  protection  in  the  tip  is  generally  an  insu 
lating  air  gap  that  separates  the  fuel  wall  from  high  temperature 
combustor  inlet  air.  An  alternative  would  be  to  use  insulating  mate¬ 
rials  such  as  ceramics.  However,  replacing  the  baseline  secondary 
stainless  steel/air  gap  construction  with  a  solid  piece  of  partially 
stabilized  zirconia  actually  increased  wetted  wall  temperatures  by 
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nearly  100®F  (56  K).  The  wetted  wall  temperature  was  reduced 


20*F  (It  K)  from  the  baseline  when  the  stainless  steel/air  gap  design 
was  replaced  with  an  identical  zirconia/air  gap  design.  However, 

Compressor  Discharge 
Temperature.  °F(K): 

1200(922) 

1600(1144) 

this  part  is  not  practical  to  manufacture  because  of  the  thin  ceramic 
walls. 

Fuel  Velocity,  fps(m/s): 

20(6) 

40(12) 

700  r - t - 1 - i - - , - - 

Wetted  Wall 

Temperature  °F(K): 

365(458) 

360(455) 

Figure  3.  Reducing  Fuel  Flow  Aree  Lowers 
Wetted  Wall  Temperature. 


Super  Insulated  Fuel  Delivery  Tube 

In  addition  to  heat  transfer  analysis  on  the  injector  tip,  a  super-insu¬ 
lated  delivery  tube  was  designed  to  minimize  fuel  temperature  rise 
in  the  injector  support.  Under  steady  state  cruise  conditions  fuel 
flow  is  high  enough  to  minimize  oulk  fuel  temperature  rise,  but 
improved  insulation  becomes  crucial  to  prevent  heat  soak-back  at 
the  low  flow  rates  associated  with  idle  descent.  State-of-the-art 
tube  insulation  designs  utilize  annular  air  gaps  surrounding  the  fuel 
delivery  lube.  This  appears  to  be  effective  for  current  engine  cycles 
at  high  fuel  flow  rates.  In  this  program  the  high  temperature  level 
will  add  a  substantial  radiative  heat  load  along  with  the  existing  con¬ 
vective  heat  flux  on  the  injector  support  In  order  to  compensate  for 
the  increased  radiation  load,  a  double  wall  fuel  transfer  delivery 
tube  (as  shown  in  Figured;,  has  been  developed.  A  normal  air  gap 
is  still  utilized  between  the  strut  (structure)  and  the  outer  shell  of  the 
transfer  tube.  However,  the  double  wall  construction  of  the  tube  is 
filled  with  Perlite  powder.  Perlite  is  an  insuiative  material  used 
extensively  for  applications  where  radiation  is  a  significant  heat 
transfer  mode.  As  shown  in  Figure  4,  a  slip  joint  was  incorporated 
to  compensate  for  substantial  thermal  gradients  during  full  power, 
cruise  and  soak-back  conditions.  As  the  outer  structure  grows  with 
the  surrounding  air  temperature,  the  innermost  tube  length  is  tela- 
tively  constant  at  the  350*^  (450K)  fuel  temperature.  The  slip  seal 
is  designed  to  letain  the  Perlite  bulk  packing  density  whde  allowing 
the  outer  tube  wall  to  grow  with  radiation  load.  Calculated  inner 
wetted  wall  temperatures  at  the  conditions  investigated  for  the  Per¬ 
lite  tube  were: 


Figurs  4.  Slip  Seal  Allows  for  Thermal 
Differences 

Key  Thermal  Design  Features 

Heat  transfer  analysis  confirmed  that  heat  shields  and  insulation 
alone  would  not  meet  the  goals  of  this  program.  In  all  tip  designs 
evaluated  wetted  wall’  temperatures  were  well  above  the  400®F 
(477K)  limit.  However,  the  analysis  did  point  to  important  design 
features  for  reducing  wetted  wall  temperatures: 

•  Reduce  fuel  flow  passage  area. 

-  Increases  fuel  velocity 

-  Increases  heat  transfer  coefficients 

-  Reduces  wetted  wall  temperatures 

-  Reduces  fuel  residence  time 

•  Add  air  gaps. 

-  Metal  with  air  gaps  more  effective  than  solid  ceramics 

•  Substitute  ceramic  for  metal  parts 

-  Ceramics  in  combination  with  air  gaps 

•  Avoid  bends  and  steps  in  the  fuel  flow  path. 

-  Causes  stagnant  fuel  regions  which  have  low  heat  transfer 
coefficients  and  thus  high  wetted  wall  temperatures 

■  Provides  coking  initiation  sites 

•  Add  the  Perlite  filled  super-insulated  fuel  delivery  tube  in  the 
injector  support 

-  Minimizes  bulk  fuel  temperature  rise  in  support 
Reduced  emissivity  coatings,  vacuum  gaps  and  thermal  barrier 
coatings  did  not  demonstrate  a  significant  reduction  in  wetted  wall 
temperatures. 


20-4 


4.  FUEL  PASSAGE  SURFACE  TREATMENT 

Heat  transfer  analysis  showned  that  thermal  protection  alone  will 
not  meet  the  goals  of  this  program.  Therefore,  an  attempt  was  made 
to  reduce  the  fuel  coking  rate  with  surface  treatment,  including  sur¬ 
face  finish  and  composition.  Previous  data  have  clearly  shown  that 
certain  elements  in  the  fuel  system  dramatically  increase  fuel  cok¬ 
ing.  Table  2  from  Taylor  and  Frankenfeld  (197S)  shows  the  effect 
of  some  metals  on  the  coking  rate  of  JP-S.  Thus,  various  inert  sur¬ 
face  coatings  were  evaluated  under  this  program  to  investigate  the 
potential  for  coking  reduction. 


Table  2.  Effect  of  Meta!  Surface  on  Carbon 
Depoaltion  (Taylor,  1975). 


Metal  Surface 

Deposit  Formatl 
at  400°F  (mg/sq 

Copper 

0.00525 

T1-6AMV 

0.00375 

Ti-8Al-lV-lMo 

0.00240 

Pure  Titanium 

0.00093 

Stainless  Steel  304. 

0.00093 

Aluminum 

0.00093 

Marteney  and  Spadaccini  (1986)  suggested  two  basic  coking  pro¬ 
cesses:  1 )  A  homogeneous  oxidation  reaction  occurring  in  the  fuel 
freestream  forming  coke  particles  which  adhere  to  the  fuel  passage 
surface.  2)  A  heterogeneous  catalytic  reaction  occurring  at  the  fuel 
passage  surface.  If  mechanism  #2  dominates,  an  inert  surface 
should  reduce  the  coking  rate.  If  mechanism  #1  dominates,  a 
polished  surface  may  prevent  carbon  from  adhering.  This  work 
indicates  that  both  processes  occur,  but  the  dominant  one  depends 
on  wetted  wall  temperature.  Below  wetted  wall  temperatures  of 
530°F  (550  K),  a  line  representing  an  activation  energy  of  10  kcal/ 
mole  fits  the  data.  This  is  typical  of  a  heterogeneous  reaction  system 
at  the  wall.  Above  530°F,  the  40  kcal/mole  activation  energy  line 
is  typical  of  a  homogeneous  oxidation  reaction  (liquid  phase).  At 
very  high  fuel  temperatures  (>  800°F  (700  K))  the  coking  mecha¬ 
nism  is  pyrolysis  controlled  (Chin  and  Lefebvre,  1991). 

Surface  Coking  Tost* 

Evaluation  of  the  various  approaches  to  eliminate  or  reduce  fuel 
coking  was  conducted  in  a  heat  transfer/coking  rig  described  by 
Stickles  et  al.(  1992)  and  illustrated  in  Figure  5 .  Two  heat  exchanger 
units  were  utiloed  in  the  rig  to  obtain  fuel  temperature  as  high  as 
400°F  (477  K).  A  constant  flow  pump  provided  continued 
recirculation  of  the  fuel  within  the  two  heater  units  to  prevent 
stagnant  thermal  stress  zones.  In  order  to  promote  fuel  thermal 
decomposition,  the  supply  fuel  was  bubbled  with  air  to  ensure 
oxygen  saturation. 

In  addition  to  the  fuel  heater,  the  test  stand  also  provided  electrically 
heated  air  to  supply  the  heat  source  for  conducting  either  coking  or 
heat  transfer  tests  of  the  various  specimens.  Air  temperatures  of 


Figure  5.  Host  Tranafar/Coking  Test  Rig. 


1600°F  (1 144K)  to  simulate  the  engine  compressor  discharge  tem¬ 
perature  levels  and  heat  transfer  coefficients  were  also  obtained. 

The  test  fixture  is  shown  in  Figure  6.  All  sample  coking  specimens 
tested  were  3.35  inches  (8 .5  cm)  long  by  0.43  inch  ( 1 . 1  cm)  diameter 
tubes.  As  shown,  the  test  Fixture  was  designed  to  accommodate  two 
specimens  in  series.  All  test  specimen  candidates  were  evaluated 
relative  to  areference  specimen  (Stainless  347,  standard  surface  fin¬ 
ish)  typical  of  the  F404  nozzle  passage  design.  Heated  air  flowed 
through  the  I.D.  passage  of  the  specimen  tube  while  heated  fuel 
flowed  over  the  O.D.  surface  through  an  annulus  which  simulated 
typical  nozzle  design  flow  passages  (i.e.,  flow  velocities  and  fluid 
residence  times).  During  a  coking  evaluation  the  outer  surface  of 
the  specimen  tube  was  set  at  a  specific  temperature  (wetted  wall 
temperature).  A  constant  surface  temperature  was  maintained  by 
adjusting  the  heated  air  temperature  and/or  mass  flow. 

A  fluoroptic  thermometry  system  was  utilized  to  measure  the 
wetted  wall  temperature  without  obstructing  the  fuel  flow  or  surface 
geometry.  Testing  at  Fuel  Systems  Textron  confirmed  claims  by  the 
manufacturer  (Luxtron)  that  distillate  fuels  would  not  affect  the 
transmission  of  fluorescent  signals  and  that  system  accuracy  is 
within  the  quoted  ±  1°C  (Wickesheim  and  Sun,  1985). 

The  test  procedure  was  first  to  screen  specimens  using  an  8-hour 
test  cycle.  The  objective  of  these  tests  was  to  determined  coke 
deposition  rate  by  measurement  of  weight  gained  by  the  candidate 
specimen.  A  tandem  baseline  specimen  was  used  as  a  reference. 
The  more  promising  candidates  were  then  subjected  to  30-hour 
evaluation  tests  to  confirm  their  potential  effectiveness.  In  all 
evaluations  and  baseline  testing  of  specimens,  JP-5  fuel  was 
oxygenated,  heated  and  passed  over  the  surface  on  a  one  pass  basis 
in  order  to  simulate  actual  operational  conditions. 

Ten  specimen  tubes  were  screened  in  eight  hour  tests,  as  described 
in  Table  3. 
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9.765 


l—  Velocity  Tube 

(347  SS) 

'  Sample  Tube 
(Baseline) 


Sample  Tube 


Figure  6.  Tandem  Tlibe  Teat  Fixture. 


Table  3.  Coking  Specimen  TUbea. 


Material 

Surface 
Finish 
(Micro  in.) 

Surface 

Finish 

(Microns) 

347  Stainless  Steel 

125 

3.18 

347  Stainless  Steel 

65 

1.65 

347  Stainless  Steel 

10 

0.25 

Aluminum  Oxide  Coated  347 

Rough 

Pyrolytic  Glass  Coated  347 

10 

0.25 

Chromium  Carbide  Coated  347 

10 

0.25 

Titanium  Nitride  Coated  347 

10 

0.25 

Catalytic  Glass  Coated  347 

10 

0.25 

Zircoma 

10 

0.25 

High  Temp  Glass  Coated  347 

10 

0.25 

The  tests  were  run  at  the  following  conditions: 

Inlet  Fuel  Temperature  =*  350°F  (450K) 

Inlet  Wetted  Wall  Temperature  »  575°F  (575K) 

Fuel  Velocity  =  10  fps  (3mps) 

Test  Tune  =  8  hours 

Visual  observation  suggested  that  the  zuconia  and  the  chromium 
carbide  coated  tubes  were  more  resistant  to  carbon  deposits.  At¬ 
tempts  to  quantify  the  deposition  were  unsuccessful  because  the 


phosphor  patch  on  all  the  sample  tubes  used  for  optical  surface  tem¬ 
perature  measurement  eroded  during  the  tests.  This  skewed  the 
before  and  after  weight  difference. 

A  series  of  30  hour  coking  tests  was  then  run  at  the  following  condi 
tions: 

Inlet  Fuel  Temperature  =  350°F  (450  K) 

Inlet  Wetted  Wall  Temperature  =  475°F  (519  K) 

Fuel  Velocity  =  10  fps  (3  mps) 

Test  Tune  =  30  hours 

In  these  tests,  both  tubes  were  identical  and  the  phosphor  patch  was 
only  used  on  the  forward  tube  to  set  the  conditions.  This  allowed 
accurate  before  and  after  weights  of  the  aft  tube  io  be  obtained. 
Table  4  summarizes  the  carbon  deposition  rates.  Wetted  wall 
temperature  increased  along  the  length  of  the  tubes.  The  average 
wetted  wall  temperature  on  the  aft  tube  was  50°F  (28K)  above  the 
inlet  wetted  wall  temperature,  so  the  deposition  rates  quoted  are  for 
an  average  wetted  wall  temperature  of  525°F  (547K). 

Tabic  4.  Total  Carbon  Deposition  Results  -475°F  Tests. 


Finish 

Carbon 

Deposition 

Rate 

Material 

(Micro-in.) 

(mg) 

(mg/tq  cm  hr) 

347  SS 

10 

2.0 

0  00228 

Zirconu 

10 

2.2 

0.00251 

Chromium  Carbide 

10 

2.6 

0.00297 

347  SS 

125 

2.7 

0.00308 

Deposition  rates  for  all  tubes  were  similar.  Polished  347  stainless 
steel  was  the  most  coke  resistant  material  tested.  Both  Taylor  and 
Frankenfeld  (1975)  and  Meyer  et  al.  (1991)  also  found  stainless 
steels  superior  to  other  candidate  fuel  passage  materials.  However. 
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the  difference  between  the  coking  rates  of  the  two  347  SS  sample 
tubes  does  indicate  a  surface  finish  effect. 

Figure  7  shows  the  deposition  rate  as  compared  to  other  available 
JP-5  data.  There  is  a  great  deal  of  scatter,  but  the  deposition  rates 
measured  in  this  program  are  significantly  lower.  A  possible  ex¬ 
planation  for  this  is  that  in  both  Taylor  and  Frankenfeld  (197.V  and 
Marteney  and  Spadacctm  (1986)  fuel  was  not  preheated  before 
introduction  to  the  hot  stainless  steel  surface.  In  this  study  the  fuel 
was  preheated  to  a  350°F  (450K)  bulk  temperature  and  carbon  par¬ 
ticles  were  filtered  out  before  entering  the  test  section.  Therefore, 
it  may  be  possible  that  the  fuel  was  prestressed  to  a  [Mint  where  few¬ 
er  radicals  were  available  to  participate  in  the  coking  process  inside 
the  test  section.  Marteney  et  al.  (1982)  also  observed  a  reduction  in 
diesel  fuel  coking  rate  when  it  was  preheated  to  300°F  (422K). 


Figure  7.  Coking  Rake  much  Lower  than  Other  Re¬ 
ported  Data  (1)  Taylor  and  Frankenfeld 
(1975)  (2)  Marteney  and  Spadaccini  (1986). 


Note:  Bright  flakes  in 
photo  are  from  gold 
sputter,  not  carbon. 


Tww  +  575°F 


Examination  of  the  carbon  depositions  with  a  scanning  electron  mi¬ 
croscope  (SEM)  provided  some  interesting  details.  SEM 
photographs  clearly  showed  two  distinct  types  of  deposition  -  a  soft 
carbon  and  a  hard  varnish.  All  of  the  575°F  wall  temperature  test 
specimen  tubes  had  a  soft  carbon  deposit.  On  the  other  hand,  most 
of  the  same  specimen  tubes  had  a  varnish  deposit  when  run  at  the 
475°F  wall  temperature  condition.  Figure  8  compares  the  two  types 
of  deposition  on  347  stainless  steel  tubes.  Possibly,  depositions  start 
out  as  a  varnish  on  the  surface,  but  the  exposure  to  the  higher  575’F 
wall  temperature  continues  the  hydrocarbon  breakdown  until  only 
soft  carbon  is  left. 

With  one  surface,  the  type  of  deposition  was  not  a  function  of  tem¬ 
perature.  Partially  stabilized  zircoma  tubes  had  soft  carbon  as 
shown  in  Figure  9  at  faith  the475<>F  and  57S°F  test  conditions  Al- 


Figure  8.  Varnish  Forms  on  1Q|irn-inch  347  SS  at 
T’ww“475‘'F  while  Soft  Carbon  Deposits 
at  5750F. 

though  the  exact  cause  is  not  clear,  this  result  does  suggest  that  the 
fuel  lube  composition  does  affect  the  coking  mechanism 

Based  on  this  result,  partially  stabilized  zirconia  may  be  an  excel¬ 
lent  material  for  the  tip  fuel  passages  since  i>  only  forms  soft  carbon 
which  could  be  washed  out  of  the  tip  at  high  fuel  flow  conditions. 
Varnish,  on  the  other  hand,  tends  to  build  up  and  then  spall  off  in 
larger  chunks  that  could  plug  the  nozzle  secondary  spin  slots.  In 
addition,  zircoma  has  lower  thermal  conductivity  than  stainless 
steel,  therefore  it  acts  as  an  insulator  to  minimize  wetted  wall  tem¬ 
peratures. 
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Figure  9.  10|u-inchZirconiaTubehadSoftCarbon 
Rather  than  Varnish  Deposits  at  475’F 
(SOOOx). 

in  addition  to  the  two  types  ot  deposition  observed  Crum  STM  in 
spections.  the  effect  ol  surface  finish  was  also  evid‘  >i  figure  III 
shows  SENt  bask  scatter  photographs  of  147  sum."  »s  steel  tubes 
id  1 2*>  and  ID  micro -inch  surface  roughness  •  ;;v  th*.  57S°F  coking 
tests  Machine  lines  are  clearly  visible  on  the  .^1  mtcro-inch  sur¬ 
face  at  lODtt  Carbon  deposits  concenlrVed  on  those  machine  lines 
(carbon  is  dark  on  hack  scatter).  On  the  ID  micro-inch  finish  the 
machine  fines  have  been  polished  out,  hut  some  other  surface  de¬ 
lects  are  visible  (  hue  again  ccbon  deposition  is  evident  on  the  sui 
face  detects 

Quantitative  measurements  i Table  4)  indicated  a  2b'/,  reduction  in 
carbon  deposition  when  the  suit  ice  roughness  was  icduced  from 
12“!  to  111  micric-im  hes  To  help  verify  this  liend  and  to  take  it  one 
step  blither,  two  stainless  sieel  tubes  were  polished  to  a  one  micio- 
mch  finish  with  a  gnl  polishing  ptocess  One  tube  was  left  uocoated 
and  the  other  was  coated  with  chromium  carbide  vapor  deposition 
Roih  tulxw  wete  run  at  the  47VF.  70  hour  test.  Although  there  w  as 
some  discoloration  of  the  lubes,  there  was  no  measurable  (■■().  1  mg  l 
deposition  on  either  lube.  These  results  strongly  suggest  that  sui 
lace  tie.sh  plays  an  important  role  in  coke  initiation. 

5.  FUEL  NOZZLE  DESIGN  AND  FABRICATION 

The  need  to  prov  ide  additional  room  for  thermal  protection  resulted 
in  he  mcorpi, ration  of  a  simple  reed  valve  concept  shown  in  Figure 
i  I  I  he  standard  sliding  spool  and  sleeve  valve  conligui  at  ion  of  the 
►  iseline  F404  integral  valve  body/support  design  was  replaced  by 
i  single  i  un  ilinear -cantilever  leaf  .pring  valve  located  in  the  tipol 
tile  I  ue  I  ui|ec  tot  This  concept  combines  tne  I  unci  ions  i  it  the  sliding 
spool  which  meters  and  divides  fuel  How  to  both  primary  and  sec 
i  'tularv  passages  i  >1  the  nozzle  lip  In  addition,  the  t.p  local  ion  ot  the 


lOOyw 

2  U  k  V  1  2  S  t  P  0  Si 


125p  in 
Tww  =  600°  F 

Figure  10.  Dark  Spots  are  Carbon  on  lOOx  Back 
Scatter  Analysis.  Machine  Lines  and 
Surface  Defects  are  initiation  Sites. 

teed  valve  eliminates  one  of  the  two  (primary  and  secondary)  fuel 
delivery  tubes  down  the  support  structure  ol  the  fuel  injector.  A 
single  fuel  feed  simplifies  construction  and  affords  unproved  thei 
mal  protection  along  the  support  path.  The  reed  valve  also  reduces 
the  risk  of  fuel  vaporization  by  maintaining  hack  pressure  during 
heat  soak  hack  conditions.  Reed  valve  design  considerations  in 
chide  geometric  relations  between  leal  movement  and  the  discharge 
orifice  material  selection,  cantilever  geometry  and  flow  eliambei 
sM.ijx'  1  fevelopmenl  tests  ot  the  reed  valve  included  one  million  on; 
olt  eye  les.  hot  and  cold  fuel  flow  checks  and  limited  contamination 
testing  The  baseline  F4(  14  Mow  c urve  was  matched  w  ith  the  e VC c p 
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(ion  of  a  delayed  reed  valve  closing  hysteresis  as  shown  in  Figure 
12.  The  hysteresis  was  repeatable  so  it  was  considered  acceptable 
for  this  program.  Moving  the  flow  divider  valve  into  the  high  tem¬ 
perature  flowpath  does  increase  the  risk  of  leakage  and  valve  hys¬ 
teresis  due  to  coke  or  varnish  formation.  However,  the  simple  reed 
valve  design  and  potential  payoffs  warrant  the  risk. 


Figure  11.  Read  Valve  Dividea  Primary/ 
Secondary  Flow  In  Tip. 

Fuel  Nozzle  Tip  Deaign 

The  innovative  nozzle  tip  design  is  compared  to  the  baseline  in  Fig¬ 
ure  13.  The  reed  valve  in  the  tip  provides  the  primary/secondary 
fuel  flow  dividing  function.  The  valve  saves  weight  (over  5  pounds 
on  a  set  of  18  nozzles),  allows  extra  room  for  insulating  air  gaps  and 
back  pressures  the  fuel  flow  to  reduce  the  risk  of  vaporization.  The 
partially  stabilized  zirconia  in  the  tip  provides  additional  insulation 


Flgura12.  Delayed  Closing  Hysteraals 
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and  inhibits  the  formation  of  hard  varnish.  Several  additional  insu- 
lative  air  gaps  have  been  added  to  the  tip.  A  Perlite  filled  super-in¬ 
sulating  fuel  delivery  tube  is  included  in  the  support.  All  fuel  pas¬ 
sages  have  been  polished  to  a  mirror-like  1  micro-inch  roughness. 
Figure  13  shows  that  local  wetted  wall  temperatures  have  been  re¬ 
duced  more  than  200#F  when  the  final  nozzle  tip  design  is  compared 
to  the  baseline  F404. 


Wetted  Wall  Temperaturea  (°F) 


Innovative  Nozzle 


Figure  13.  Wetted  Wall  Temperature  are  Significantly  Lowar  than  the  Baaellne 
F404.  Hot  Spota  are  Downatream  of  Secondary  Spin  Slots. 
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Nozzl«  Fabrication 

An  exploded  view  of  the  final  fuel  nozzle  hardware  is  shown  in  Fig¬ 
ure  14.  The  primary  and  secondary  metering  sets  are  identical  to  the 
baseline  nozzle,  but  are  encased  in  ceramic  components.  Each  me¬ 
tering  set  consists  of  an  array  of  fuel  s  wir!  slots,  a  spin  chamber  and 
an  orifice.  The  size  and  angle  of  the  swirl  slots  and  the  orifice  diam¬ 
eter  determine  the  spray  drop  size  and  spray  angle.  Use  of  the  base¬ 
line  metering  sets  ensures  that  the  spray  characteristics  of  the  inno¬ 
vative  nozzle  will  be  equivalent  to  the  baseline  injector,  so  that  com¬ 
bustor  performance  will  not  be  affected. 

During  assembly,  the  reed  valve  body  was  first  brazed  to  the  sec¬ 
ondary  metering  set.  The  ceramic  (zirconia)  spool  component  was 
then  brazed  to  the  reed  valve  body  using  a  brazing  alloy  and  process 
designed  especially  for  ceramic-to-metal  joints.  Extensive  trials 
were  conducted  by  Fuel  Systems  Textron  to  develop  a  successful 
combination  of  braze  alloy,  braze  heating  cycle,  clearance  between 
parts  to  be  brazed  and  ceramic  surface  treatment  prior  to  braze. 

Final  assembly  was  completed  by  attaching  the  reed  valve  to  the 
valve  body  with  a  precision  ground  alignment  pin  and  hardened 
hold-down  screw.  Next,  the  superinsulating  fuel  tube  was  installed 
into  the  stem.  The  ceramic  tip  components  and  metallic  heat  shield 
were  then  positioned  within  the  tip  body,  and  the  tip  body  was 
welded  to  the  fuel  nozzle  stem. 

6.  NOZZLE  THERMAL  CYCLIC  TESTS 

The  baseline  and  innovative  nozzles  were  evaluated  in  a  series  of 
thermal  cyclic  tests  to  demonstrate  durability  with  high  temperature 
fuel  and  airflow. 

T«st  Rig 

The  baseline  and  innovative  nozzles  were  tested  simultaneously  in 
the  cyclic  fuel  nozzle  coking  test  rig  illustrated  in  Figure  15.  The 
rig  was  designed  to  closely  simulate  the  actual  engine  fuel  nozzle 
environment.  Two  nozzles  were  tested  at  one  time  to  allow  a  direct 
comparison  of  durability  under  identical  test  conditions.  The 
nozzles  were  installed  into  actual  engine  air  swirlers  mounted  on  a 
combustor  dome  structure  to  accurately  simulate  the  airflow  veloci¬ 
ties  which  affect  the  heat  transfer  boundary  conditions  around  the 
fuel  nozzle  tip.  Fuel  exiting  the  nozzle  was  burned  just  downstream 
of  the  nozzles  to  provide  a  realistic  level  of  flame  radiation  to  the 
nozzle  tips.  Upstream  of  the  nozzles  is  a  simulated  diffuser  with  exit 
slots  that  are  sized  and  located  to  duplicate  the  air  jet  that  exits  the 
prediffuser  in  the  actual  engine.  A  natural  gas  fired  preheater  is  used 
to  provide  vitiated  air  to  the  ng  at  the  desired  inlet  temperatures. 

The  test  fuel  was  pumped  from  the  fuel  storage  tank,  through  a  90 
micron  fuel  filter  and  a  turbine  flow  meter,  then  split  into  a  high  flow 
leg  and  a  low  flow  leg.  The  high  flow  leg  had  valves  designed  to 
meter  the  fuel  flow  at  the  simulated  cruise  operating  condition, 
while  the  low  flow  leg  was  sized  for  a  flight  idle  condition.  Use  of 
the  two  legs  provided  capability  to  cycle  fuel  flow  from  high  flow 
to  low  flow  conditions  rapidly  and  without  without  large  swings  in 
fuel  temperature. 

Downstream  of  the  flow  control  valves  was  a  co-flow  tube  and  shell 
heat  exchanger.  Thermanol  55  oil  heated  using  aChromalox  Elec- 
tnc  Fluid  Heat  Transfer  System  was  used  to  heat  the  fuel.  A  very 
large  heat  exchanger  was  used  to  minimize  prestressing  of  the  fuel 


due  to  high  temperature  surfaces  in  the  heat  exchanger.  For  exam¬ 
ple,  the  Thermanol  55  temperature  was  only  required  to  be  375°F 
(464  K)  to  heat  the  fuel  to  350°F  (450  K). 

All  of  the  test  fuel  was  burned  within  the  test  rig  None  of  the  fuel 
was  recycled  because  of  the  concern  that  recycled  fuel  would  affect 
the  thermal  stability  characteristics  of  the  test  fuel. 

The  test  fuel,  provided  by  the  US  Navy,  was  JP-5  from  a  batch  des¬ 
ignated  as  NAPC-33.  This  was  a  fuel  with  poor  thermal  stability 
that  was  selected  intentionally  to  increase  the  severity  of  the  cyclic 
durability  tests.  Fuel  properties  from  a  pretest  laboratory  analysis 
are  summarized  in  Table  5. 

The  test  fuel  thermal  stability  does  not  meet  the  JP-5  Specification, 
probably  due  to  high  copper  levels.  The  fuel  failed  at  260°C'  be¬ 
cause  it  plugged  the  upstream  filter.  The  fuel  was  rated  as  marginal¬ 
ly  acceptable  at  260°C  when  the  sample  was  filtered  before  con¬ 
ducting  the  JFTOT  test.  Specific  gravity,  hydrogen  content  and  sul¬ 
fur  content  arc  typical  of  available  JP-5  fijels. 

Table  5.  Test  Fuel  Properties. 


Property 

lest  Fuel 

Specification 

JFTOT  Breakpoint,  °C 

240 

>260 

Specific  Gravity 

0.8169 

0.788-0.845 

Hydrogen  Content,  Wt  % 

13.61 

>13.40 

Sulfur  Content,  % 

0.071 

<0.4 

Copper  Content,  ppb 

50.6 

N/A 

Tast  Procedures 

7  ne  most  severe  flight  condition  for  a  fuel  injector  is  typically  the 
transient  throttle  chop  from  cruise  to  flight  idle.  The  test  conditions 
used  in  the  cyclic  durability  evaluation  simulated  an  extreme  exam¬ 
ple  of  the  transient  with  the  following  two-minute 
cycle: 

Condition 

Cruise 

Flight  Idle 

Time,  min 

1.0 

1.0 

Inlet  Air  Temperature,  °F(K) 

1200(922) 

500(533) 

Pressure,  psia(Atm) 

17.3(1.18) 

16.5(1.12) 

Airflow,  pps(kg/s) 

0.86(0.39) 

0.86(0.39) 

Fuel/Air  Ratio 

0.0226 

0.0065 

Fuel  Temperature,  °F(K) 

350(450) 

310(428) 

The  airflow  rate  of  0.86  pps  (0.39  kg/s)  provides  an  average  Re¬ 
ynolds  number  at  the  simulated  diffuser  exit  that  is  very  clo'e  to  the 
engine  condition  during  cruise  operation.  This  provides  heat  trans¬ 
fer  characteristics  in  the  rig  that  are  similar  to  those  in  the  engine. 

Fuel  nozzle  testing  was  completed  in  two  test  periods.  The  first  test 
period  consisted  of  40  hours  of  testing  (1200  cycles)  at  the  above 
test  i  onditions.  An  add'tional  36  hours  of  testing  (1080  cycles)  was 
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Figure  14.  Exploded  View  of  Innovative  Fuel  Nozzle  Shows  Internal  Components.  4 
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completed  with  fuel  temperature  at  the  cruise  condition  increased 
to  375*?  (164  K).  During  the  tests,  fuel  pressure  was  monitored  to 
determine  if  the  fuel  nozzles  were  becoming  blocked. 

Test  Results 

After  the  initial  40-hour  lest  period  was  completed  w  ith  no  clear  in¬ 
dication  of  flow  reduction  based  on  rig  fuel  pressuies,  the  fuel 
nozzles  were  removed  and  precision  flow  caliorated  to  determine 
whether  any  blockage  had  occurred.  These  flow  calibration  tests  in¬ 
dicated  that  the  metering  area  in  the  secondary'  circuit  of  both  the 
baseline  and  innovative  nozzles  had  been  reduced  by  five  to  seven 
percent. 

The  additional  36  hour  test  period  was  then  completed  with  fuel  at 
higher  temperature  to  accelerate  the  rate  of  deposit  formation  w  ithin 
the  nozzles.  Alter  this  second  test  period  was  concluded,  the 
nozzles  were  again  removed  and  recalibrated.  The  innovative 
nozzle  flow  area  was  found  to  be  reduced  by  20  percent,  while  the 
baseline  nozzle  flow  area  was  reduced  by  13  percent. 

At  the  conclusicr  of  the  second  test  period,  the  fuel  in  jectors  were 
examined  using  a  GE  X-Ray  Inspection  Module  using  a  420KcV 
x-  ray  source  to  determine  where  the  flow  blockages  were  occur¬ 
ring. 

Computed  Tomography  (CT)  images  of  the  innovative  fuel  nozzle 
tip  are  shown  in  Figure  1 6.  Carbon  accumulation  is  indicated  by  an 
uneven  intensity  in  the  image,  as  described  in  the  lower  right-hand 
view  of  the  innovative  nozzle  tip.  The  flow  reduction  in  the  innova¬ 
tive  injector  appears  to  be  due  to  buildup  of  small  carbon  particles 
at  the  inlet  to  the  secondary  injector  swirl  slot. 

The  buildup  of  carbon  shown  in  the  CT  scan  images  of  the  innova¬ 
tive  nozzle  is  probably  due  to  accumulation  of  small  particles  which 
form  upstream  in  the  nozzle  and  adhere  to  the  secondary  metering 
set  in  the  low  velocity  regton  upstream  of  the  secondary  orifice  swirl 
slots.  Recall  that  the  metering  set  used  m  the  innovative  nozzle  is 
the  same  geometry  and  material  used  in  the  baseline  nozzle.  This 
could  be  an  indication  thar  the  smooth,  inert  surfaces  upstream  of 
the  metering  set  are  working  properly  in  preventing  particles  from 
adhering  to  the  surface.  However,  the  particles  appear  to  move 
downs  (ream  with  the  fuel  and  stick  to  the  metering  set,  which  does 
not  have  any  special  surface  treatment.  Accumulation  of  particles 
could  potentially  be  avoided  by  streamlining  the  flowpa''  at  the  in¬ 
let  to  the  metering  slots  an'1  iiolishing  the  surface  oi  thi  wirl  slots 
to  minimize  sticking  of  the  particles. 

Additional  thermal  cyclic  durability  tests  will  be  conducted  to  build 
up  additional  deposits  in  the  baseline  and  innovative  fuel  nozzles. 
The  additional  tests  will  be  conducted  using  a  US  Navy  supplied 
marine  diesel  fuel  to  accelerate  deposition.  The  nozzles  will  then 
be  cut  open  to  identify  the  exact  location  of  blockages 


7.  CONCLUSIONS 

An  innovative  single-mlet/dual-onfice  fuel  nozzle  was  designed  to 
operate  at  maximum  com bustni  an  and  fuel  temperatures  of  1600°F 
(1144  K)  and  350°F 


(450  K),  respectively.  The  design  approach  was  to  minimize  fuel 
passage  wetted  wall  temperalures  with  improved  heat  shielding  and 
reduce  the  fuel  coking  rate  by  treating  the  fuel  passage  surfaces.  A 
novel  flow  divider  valve  in  Ihe  tip  was  also  included  in  the  design. 

Heat  transfer  analysis  showed  that  reduced  fuel  passage  flow  area, 
additional  insulating  air  gaps  and  replacement  of  metallic  tip  com¬ 
ponents  with  ceramics  minimized  the  wetted  wall  temperatures. 
Vacuum  gaps,  reduced  cmissivity  coalings,  and  thermal  barrier 
coatings  did  not  offer  significant  wetted  wall  temperature  reduc¬ 
tions. 

Sample  tube  coking  tests  showed  that  polishing  the  fuel  passage 
surface  reduced  the  coking  rate.  The  coking  tests  also  demonstrated 
that  the  type  of  deposition  depended  on  the  wetted  wall  lemperatuie. 
Hard  varnish  formed  at  wetted  wall  temperatures  of  475‘F  (519K) 
and  soft  carbon  deposits  occurred  at  wetted  wall  temperatures  of 
57VF  (575K).  However,  Ihe  partially  stabilized  zirconia  surface 
formed  soft  carbon  at  both  475  and  575°F. 

Cyclic  coking  tests  showed  that  additional  smoothing  of  the  aerody¬ 
namic  flowpatli  ard  improved  surface  treatments  will  be  required 
in  the  fuel  nozzle  tip  to  meet  the  high  temperature  durability  goals 
of  this  program 
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Figure  16.  Computed  Tomography  Images  of  Innovative  Fuel  Nozzle  Tip. 


Discussion 

Question  1.  R.  Jeckel 

The  76  hour  test  demonstrated  that  the  coke  deposition  has  been  decreased  dramatically  by  using  polished  surfaces.  However,  is 
this  of  significance  with  respect  to  the  typical  times  that  aircraft  are  in  the  air  between  maintenance  checks? 

Author’s  Reply 

Even  though  the  test  was  conducted  over  a  period  of  only  76  hours,  the  cyclic  nature  of  the  test  (2,280  cycles)  and  the  use  of  poor 
fuel  made  each  test  hour  equivalent  to  many  flight  cycles. 
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1.0  Summary 

The  causes  of  fuel  injector  spray  deterioration  and  the 
effects  of  this  deterioration  on  engine  durability  and 
performance  are  discussed.  Small  aircraft  gus  turbine 
fuel  injectors  present  special  design  challenges  due  to  low 
fuel  flow  rales  involved  and  the  physical  si/e  limitations. 
The  principal  fuel  injector  performance  requirements  are 
discussed  in  relation  to  their  effect  on  the  hydraulic, 
aerodynamic,  and  thermal  design  of  aerating  fuel 
injectors. 

2.0  Introduction 

Fuel  injectors  play  a  crucial  role  in  the  durability  and 
performance  of  gas  turbine  engines'".  Fuel  injector 
deterioration  can  influence  starting,  carbon  deposition, 
smoke,  exhaust  emissions,  hot  end  durability,  and 
combustion  noise.  The  ability  of  an  injector  design  to 
maintain  consistent  performance  over  the  period  of 
operation  between  engine  overhauls  is  critical  to  hot  end 
durability  and  low  operating  cost.  It  is  widely  accepted 
that  fuel  injector  designs,  particularly  aerating  injectors 
must  be  closely  integrated  with  the  design  of  ihe 
combustor. 

The  requirements  of  small  gas  turbine  engines  bring  some 
special  challenges  to  the  design  of  a  fuel  injector.  Small 
phvsicul  size,  complex  geometry,  and  requirements  for 
precise  control  of  small  flows,  both  fuel  and  air,  can  all 
lead  to  undesirable  luel  system  performance 
deteriorations  caused  by  minute  flow  perturbations.  The 
need  fot  improved  understanding  of  the  operation  of  the 
combustion  system  underscores  the  requirement  for  better 
modelling  of  flow  interactions  between  the  combustor  and 
the  fuel  injector  This  paper  lakes  a  close  look  at  some 
of  the  details  of  injector  component  design  for  small  gas 
turbine  engines 

3.0  Operational  Problems 

Many  older  designs  of  gas  turbines  have  used  pressure 
swirl  atomizers  to  atomize  and  distribute  the  fuel  within 
the  combustor.  In  smail  gas  turbines,  particularly  those 
with  reverse  flow  annular  combustors,  the  fuel  flow  sates 
per  injector  and  therefore  nozzle  Flow  Numbers,  are  low 
so  as  to  ensure  good  fuel  distribution  and  adequate  fuel 
pressure  drops  for  atomization  under  all  conditions.  As  a 
result,  the  swirl  induct  lg  and  fuel  metering  orifices  can 
have  linear  dimensions  as  small  as  200  microns  (0.00k 
in  ),  Figure  I.  The  fuel  passages  are  often  convoluted, 
particularly  in  the  regions  near  the  fuel  metering  orifices 
This  geometry  creates  local  regions  immediately  adjacent 
to  the  fuel  metering  orifices  where  the  fuel  velocity  i„ 
low,  and  thermal  degradation  and  coking  can  occur. 

In  addition,  the  heat  load  in  this  region  is  often  magnified 
by  minimal  wall  thicknesses,  exterior  air  flows  introduced 


to  prevent  soot  accumulation,  and  radiative  heat  load 
from  combustion  gases  (Figure  2).  Even  with  the 
relatively  modest  compressor  discharge  air  temperatures 
of  small  gas  turbines,  the  heat  load  can  easily  create 
conditions  conducive  to  coking.  The  small  fuel  metering 
hole  sizes  inevitably  make  the  pressure  swirl  atomizer 
extremely  sensitive  to  solid  coke  formation.  Coke 
agglomerates  can  break  off  from  the  regions  where  they 
form  by  subsequent  engine  operations  and  be  carried  into 
the  metering  passages.  Engine  operations  may  also 
contribute  to  internal  coke  formation;  engine 
decelerations  from  high  power  or  hot  shutdowns  may 
greatly  reduce  or  completely  shut  off  fuel  flow  in  hot  fuel 
passages,  contributing  to  the  coking  described  above. 

Such  degradations  cun  affect  the  durability  of  the 
combustor  and  the  rest  of  tne  engine  hoi  end. 

The  use  of  airblast  injectors  in  small  engines  was 
initiated  in  an  attempt  to  improve  luel/air  mixing  and 
obtain  the  advantages  offered  by  larger  injector  passage. 
Utilising  the  combustor  air  pressure  drop  to  atomise  the 
fuel  allows  the  Flow  Number  of  the  nozzle  tip  to  he  set 
by  the  fuel  distribution  requirements  and  much  larger  fuel 
passages  can  be  used  in  the  nozzle  tip.  Trim  restrictors 
can  be  used  in  relatively  cool  regions  to  control  the 
circumferential  fuel  distribution  within  the  engine, 
keeping  the  smallest  fuel  passages  upstream  of  the 
regions  where  coke  is  prone  to  occur  l  Figure  3). 

Unlike  the  success  found  with  large  engines,  the  benefit 
of  airblast  injectors  has  not  always  been  reulized  in  small 
engine  applications.  Typical  cold  day  starting,  often 
requires  ignition  at  combustor  pressure  drop  levels  of  less 
than  25  mm  (I  inch)  of  water  with  high  viscosity  (22es) 
fuel.  The  inability  of  airblast  systems  to  meet  these 
requirements  has  prevented  pure  airblast  systems  from 
completely  displacing  pressure  atomizers  trom  smail 
engine  designs'7’.  In  such  cases  airblast  must  be 
supplemented  with  pressure  atomizers  in  a  hybrid 
configuration  to  maintain  adequate  performance  over  the 
entile  operating  envelope  (Figure  d). 

In  addition  to  poor  sub-idle  performance,  low  pressure 
fuel  systems  can  lead  to  fuel  distribution  problems  at 
very  low  flow  rates  when  effects  of  gravity  become 
dominant.  This  can  be  a  detriment  to  the  performance  of 
the  fuel  system,  and  to  the  durability  of  the  injector. 
Various  means  of  correcting  tin.,  problem  have  been 
found  but  at  additional  cost  and  complexity  to  the  system. 

The  effects  of  a  partially  or  totally  blocked  fuel  metering 
passage  will  vary  with  the  fuel  system  design  and  engine 
operating  conditions.  Figure  5  is  a  comparison  of  spray 
palternation  from  an  airblast  nozzle  betore  and  after 
engine  lest,  demonstrating  the  effect  of  partia’  blockage 
and  coking  on  spray  distribution.  The  global  effects  of 
progressive  fuel  system  deterioration  on  combustor  exit 
temperature  profiles  are  shown  in  Figure  6.  As  more  and 
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more  fuel  metering  holes  are  obsirueieii  with  increasing 
operating  time,  more  fuel  is  forced  through  the  remaining 
nozzles.  Consequently.  engine  damage  may  he  caused  hy 
those  injectors  which,  if  tested  individually,  still  How 
within  tolerances.  Indeed,  of  the  fuel  injectors  represented 
in  Figure  ft.  only  about  hi'/  were  outside  of  required 
How  tolerance  limits. 

These  local  How  deviations  can  also  have  other 
undesirable  side  effects,  such  as  reduced  stability, 
increased  smoke,  combustor  carbon  growths,  and  torching 
on  start.  Deteriorated  fuel  systems  may  also  have 
disproportionate  effects  at  olf-design  conditions, 
particularly  during  the  acceleration  to  idle,  as  seen  in 
Figure  7.  During  starting,  fuel/air  ratios  can  Ik1  so  high 
that  turbine  temperatures  can  easily  exceed  those 
experienced  during  the  rest  of  the  cycle.  Local  increases 
in  feel  flow  rate  caused  by  fuel  system  deterioration  can 
magnify  this  effect,  and  may  cause  dramatic  hot  end 
damage, 

In  summary,  the  following  overall  design  strategies  can 
be  employed  to  improve  the  resistance  of  a  fuel  system 
design  to  deterioration: 

Minimize  the  temperature  of  metal  exposed  to  the 
fuel  (wetted  wall  temperature),  and  the 
temperature  of  the  incoming  fuel,  to  prevent 
thermal  degradation  of  the  fuel. 

Maintain  both  a  minimum  fuel  velocity  and  a 
minimum  fuel  passage  size  through  all  the  fuel 
injector  regions  exposed  to  compressor  discharge 
air.  throughout  the  normal  engine  operating  cycle. 

4.0  Detailed  Design  Considerations  for  Ai.  blast 
Injectors 

Although  the  external  airflow  around  typical  pressure 
atomizer  designs  can  he  quite  substantial,  Figure  2,  very 
little  erforl  has  traditionally  been  expended  to  utilize  this 
air  in  a  role  other  than  attempting  to  wash  the  injector 
face.  Often,  the  use  of  air  as  a  means  of  controlling  face 
carbon  was  not  entirely  successful.  However,  it  is  also 
recognized  that  air  in  a  pressure  atomizer  plays  a  useful 
role  in  neutralizing  effects  of  streaky  sprays  and 
drooling,  and  in  emission  control. 

An  blast  injectors  depend  on  efficient  use  of  air  to  assist 
in  luel  atomization.  Through  careful  engineering  of 
aerodynamics,  recognizing  the  forces  involved  in 
atomization,  the  use  of  air  improves  spray  development  at 
much  lower  fuel  pressure  than  with  a  pressure  atomizing 
nozzle.  The  addition  of  air  with  the  fuel  through  the 
injector  has  also  been  found  to  he  an  effective  method  of 
reducing  smoke  and  emissions.  To  meet  new  emission 
requirements,  particularly  oxides  of  Nitrogen,  even  more 
air  may  be  used  in  future  injecloi  designs. 

In  curvnt  configurations,  it  is  not  uncommon  for  airhlast 
injectors  to  be  operating  with  air  to  fuel  ratio  in  die  range 
2  or  1  to  i1".  The  total  How  through  the  injectors  may 
represent  20  -  MVX  of  the  primary  zone  flow.  Because  it 
is  introduced  through  relatively  small  number  of 
locations,  the  injector  flow  represents  a  high  mass  and 
momentum  concentration  reiative  to  the  remainder  of  the 
air  entering  the  combustor  primary  zone  and  can  affect 
all  aspects  of  combustor  performance  -  starting,  smoke, 
emissions,  pattern  factor,  stability  and  wall  temperatures. 


The  fuel  injector  design  cannot  therefore  he  treated  in 
isolation  of  the  combustor  design. 

4.1  Injector  Component  Details 

The  typical  small  engine  airhlast  injector  is  comprised  of 
three  basic  components.  These  are  the  outer  air  swirler, 
the  fuel  swirler  and  ihe  core  air  ••.wirier  Figure  X. 

4.2  Outer  Swirler  Design  Considerations 

The  outer  swirler  plays  an  important  role  in  atomization, 
fuel  distribution  (pattemation)  and  development  of  flame 
stability.  Because  of  its  large  diameter,  this  swirler 
caries  the  greatest  proportion  of  the  injector  flow.  The 
angular  momentum  injected  by  the  outer  swirler  results  in 
a  central  recirculation  zone  along  the  axis  of  the  injector 
l low  field.  Figure  '■).  This  recirculation  is  important  lo 
stability  and  ignition,  creating  a  zone  where  low  speed 
flame  fronts  can  exist  io  anchor  the  flame. 

Conventional  outer  swirler  designs  have  utilized  bladed 
axial  swirlers  or  stators  to  impart  angular  momentum  to 
the  air  stream.  Feed  air  is  usually  swirled  at  a  large 
diameter  and  subsequently  accelerated  through  an  annular 
nozzle  to  interact  with  the  fuel  film  at  a  pre-delined  air 
fuel  interlace.  Although  there  is  scope  in  larger  injectors 
to  design  the  swirler  blades  according  to  aerodynamic 
rules  with  respect  to  incidence  angles,  blade  thickness  to 
chord  ratios  and  curvature  effects,  size  and  lovz  cost 
requirements  often  make  this  practice  prohibitive  for 
practical  small  injectors.  Small  scale  designs  tend  to  use 
a  minimum  number  of  straight  blades  of  relatively  thick 
construction.  The  discharge  coefficients  (C?d)  of  the 
resultant  air  passages  are  adversely  affected  by  these 
characteristics  and  this  generally  results  in  either  a  lower 
through  flow  than  desired  lor  a  given  diameter  of 
injector,  or  a  larger  injector  diameter  requirement. 

Itnlike  conventional  large  engine  designs,  the  approach 
flow  in  small  combustors  may  not  he  along  the  axis  of 
the  nozzle.  This  luriher  aggravates  ihe  incidence  on  the 
air  passage  entrances  and  can  lead  lo  large  scale 
separations  in  the  swirler  passages  as  shown  in  Figure  10. 
The  wakes  ur  d  separations  from  the  thick  blades  give  rise 
to  a  downstream  flow  field  resembling  discrete  jet  flows 
which  coalesce  before  approaching  the  nozzle  tip.  The 
appearance  of  these  jet  like  flows  can  be  seen  in  the 
Computational  Fluid  Dynamic  (CFD)  results  and  similar 
patterns  are  also  visible  in  experimental  nozzles.  Figure 
1 1.  These  jet  structures  are  considered  useful  hy  some  in 
that  they  add  both  mixing  and  stability  to  the  eventual 
combustor  flow  Field,  However  since  their  design  is 
seldom  deliberate,  the  pressure  drop  penalty  and  the 
possibility  of  vortex  shedding  and  otner  oscillatory 
behaviour  leading  to  instability  jre  usually  considered  lo 
be  negative  features  of  this  flow  behaviour. 

Since  angular  momentum  is  added  to  the  flow  before  the 
contracting  section,  an  unfavorable  pressure  gradient  due 
to  swirl  develops  in  the  nozzle,  opposing  'he  air  flow. 

This  gradient  is  inversely  proportional  lo  the  radius  of  the 
injector  and  hence  is  more  severe  in  small  injectors.  The 
gradient  not  only  results  in  an  additional  penally  to  the 
overall  Cd  of  the  swirler,  but  can  also  lead  to  premature 
separation  of  the  flow  from  the  inner  face  of  the  injector 
near  the  end  ol  the  outer  shroud.  This  flow  separation 
can  promote  carbon  deposition  and  excessive  heeling  of 
the  critical  interface  area  anu  contribute  to  coking  inside 
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ihc  injector  on  the  fuel  swirler  luce.  The  dark  urea  seen 
around  the  fuel  lip  in  Figure  I  -  is  i>  ivsull  of  How 
reparation.  In  addition,  the  penetration  ol  the  shroud  inti' 
the  combustor  must  be  minimized  so  as  not  to  interfere 
wnh  the  fuel  spray  trajectory  during  low  air  How 
conditions  .uch  us  slum  accelerations. 

A  lost  cost  alternative  i.i  die  use  of  radially  oriented,  off 
axis  jets  to  serve  as  swirlers,  Figure  1 2,  eliminating  the 
need  for  axial  blades.  The  How  in  this  swirlet  eliminates 
the  adverse  pressure  gradient  due  to  centrifugal  effect. 
Detailed  laser  measurements  have  indicated  that  an 
adequate  swirling  field  can  be  generated  within  die 
combustor  from  this  arrangement.  Atomization  achieved 
is  also  satisfactory.  The  absence  of  the  adverse  radial 
pressure  gradient  allows  greater  impact  of  the  air  at  the 
fuel  interface  and  the  separation  tendencies  in  the  critical 
fuel  interface  areas  are  eliminated.  The  simplicity  of  the 
aru  ngemem  as  well  as  its  relatively  compact  size  is 
evident  from  the  geometry. 

4.3  Core  Air  Swlrlcr  Design  Considerations 

While  an  outer  swirler  can  be  added  to  any  fuel  injection 
device  the  presence  of  the  core  swirler  separates  the 
airhlast  injector  front  the  pressure  atomizer.  This  swirler 
does  not  usually  carry  as  much  air  as  the  outer  swirler 
due  to  its  location  a'ong  the  axis  ol  the  injector. 

However,  its  role  is  crucial  in  keeping  the  face  of  the 
injector  clean  and  in  achieving  good  atomization  quality 
fuel  film.  The  core  swirler  also  plays  a  rule  in 
developing  the  stability  generated  by  the  injector. 
Unswirled  core  flows  have  resulted  in  unacceptably  high 
concentrations  of  fuel  from  the  injector,  Figure  13,  and 
lead  to  excessive  smoke  and  high  wall  temperature 
gradients,  which  can  be  difficult  to  control. 

A  simple  design  of  core  air  swirler  employees  an  air  tube 
with  multiple  tangential  jet  feeds  around  its  periphery. 
Figure  8.  This  design  is  effective  in  generating  core 
swirl;  however  contamination  from  rich  combustion 
products  can  occasionally  occur  under  hack  flow 
conditions  generated  in  some  designs.  Figure  14.  A 
simple  bullet  placed  within  the  core  alleviates  the  back 
flow  for  the  most  part  although  contamination  of  the 
bullet  surface  is  still  possible.  Recent  designs  have  also 
included  a  small  core  jet  air  flow  in  the  bullet,  Figure  15. 
to  remove  the  possibility  of  contamination  of  any  injector 
surface.  The  LDV  data.  Figure  16,  indicates  that 
although  a  negative  flow  exists  along  the  core  of  the  How 
field,  the  velocity  falls  to  zero  before  en'ering  the 
injector. 

4.4  Fuel  Swirler  Design 

The  fuel  swirler  is  a  major  controlling  influence  on  the 
spray  pattemation  quality.  Its  main  function  is  to 
produce  a  uniform,  annular  fuel  film  from  discrete  jets 
metering  luel  into  the  injector.  The  configuration  of  the 
swirler  determines  the  ability  of  the  injector  to  produce 
adequate  sprays  at  low  pressure  for  ignition  and  the 
ability  to  produce  a  useful  spray  with  little  or  no  air, 
which  is  required  during  transients  such  as  slam 
acceleration  manoeuvres.  The  fuel  swiilcr  plays  a  role 
in  determining  spray  parameters  such  as  cone  angle  and 
drop  size  distribution.  Its  ability  to  remain 
uncontaminated  determines  the  durability  of  both  the 
injector  and  ultimately  the  entire  hot  end  of  the  engine. 


The  components  of  injectors  are  so  small  that  gaining 
flow  information  about  the  processes  occurring  within  a 
component  is  extremely  difficult.  The  capabilities  of 
Computational  Fluid  Dynamics  (C'FD)  are  often  used  to 
gain  insight  into  the  flow  field  generated  within  the 
components  and  how  these  fields  may  interact  with  the 
combustor.  This  is  particularly  true  for  details  involving 
the  How  within  the  fuel  filrner.  Figure  17  is  an  example 
of  a  study  which  was  conducted  to  determine  the 
minimum  fuel  distributor  jet  injection  angle  required  to 
generate  a  continuous  film  within  the  geometry  of  the 
fuel  filrner  chamber.  The  minimum  angle  was  sought  in 
an  attempt  to  minimize  the  resulting  fuel  spray  cone 
angle  without  the  use  of  air.  This  is  important  to  the 
design  of  the  injector  since  under  some  transient 
conditions.  Mien  as  slam  acceleration,  when  the  fuel  flow 
increase  leads  the  air  flow  rise  during  the  acceleration 
process.  Under  these  conditions  excessive  fuel  swirl  can 
result  in  spray  cone  angles  exceeding  180  deg.  When 
combined  with  surface  tension  forces,  the  fuel  may  cling 
to  the  surface  of  the  injector  face  and  exit  through  the 
outer  swirler  out  of  the  combustor. 

Fuel  jets  varying  in  orientation  from  10  to  40  degrees 
from  the  axial  were  modeled.  The  velocity  distribution  at 
the  end  of  the  fuel  filrner  was  monitored  to  determine  the 
first  indication  of  a  uniform,  continuously  distributed 
film.  At  ten  degrees  injection  angle,  the  How  ai  the  end 
of  the  swirler  section  was  predicted  to  he  discontinuous 
and  unable  to  form  a  uniform  film  for  the  atomization 
process.  At  twenty  degrees  injection  angle  the  How  was 
predicted  to  be  continuous  and  adequate  for  design  of  the 
injector.  Modelling  results  were  also  verified  by 
experiment.  Figure  18.  The  20  degree  injector  angle 
resulted  in  continuous  &  well  shaped  filrner  flows. 

A  second  example  of  the  use  of  the  CFD  in  the  injector 
design  process  is  in  the  prediction  of  flow  distortions  to 
the  feed  of  an  injector  swirler.  As  mentioned  previously, 
the  flow  feeding  the  swirler  in  small  engines  is  seldom 
oriented  with  the  axis  of  the  injector.  In  many  situations, 
injectors  that  arc  mounted  radially  with  respect  to  the 
combustor  are  encapsulated  within  a  sheath  as  shown  in 
Figure  3.  The  sheath  size  can  impose  unfavourable 
effects  on  the  flow  field  into  the  swirler.  To  assess  this 
impact  a  CFD  model  of  the  injector  and  the  surrounding 
sheath  was  utilized.  Diminishing  flow  distortions 
resulting  from  increasing  sheath  diameters  are  shown  in 
Figure  19. 

6.0  Conclusions 

Although  constrained  by  size,  weight,  and  cost 
limitations,  proper  hydraulic  and  aerodynamic  design 
practices  can  help  ensure  durable  fuel  injectors  for  small 
gas  turbine  engines.  As  general  rules,  minimising  the 
temperature  of  the  incoming  fuel  and  the  metal  in  contact 
with  it.  maintaining  a  minimum  fuel  velocity  within  the 
region  of  the  fuel  injector  exposed  to  compressor 
discharge  air  and  maintaining  a  minimum  fuel  passage 
size  wiil  help  desensitize  the  fuel  system  to  thermal 
degradation  of  the  fuel.  Proper  fuel  system  design  to 
prevent  fuel  shut  off  of  some  fuel  injectors  during  engine 
deceleration,  and  adequate  cool  down  lime  prior  to  engine 
shut  down  also  help  prevent  fuel  breakdown.  Ultimately, 
the  ability  of  a  design  to  maintain  consistent  performance 
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nvcr  the  period  of  operation  between  engine  overhauls  is 
critieal  to  hot  end  durability  ,.nd  minimum  repair  cost. 

C  omputational  Fluid  Dynamics  can  be  useful  to  gain 
insight  into  the  complicated  flow  fields  generated  by  the 
various  components  of  an  aerating  fuel  injector.  CFD  has 
been  used  to  accurately  represent  the  How  in  and  around 
small  gas  turbine  fuel  injectors,  and  has  been  instrumental 
in  identifying  design  problems  and  solutions. 

The  importance  of  careful  design  of  the  core  and  outer  air 
Hows,  and  the  fuel  filming  devices  huve  been  reiterated. 
Alternative  designs  to  ensure  good  injector  performance 
have  been  suggested. 
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Fig.  3:  Typical  aerating  fuel  injector 


Fig.  4:  Schematic  of  a  hybrid  injector 
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Fig.  5:  Effect  of  coking  on  aerating  fuel  nozzle  flow 
distribution 
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Fig.  6:  Effect  of  fuel  injector  blockage  on  combustor 
exit  temperature  profile 


Fig.  7:  Effect  of  injector  deterioration  on  local  fuel/air 


Fig.  8:  Basic  components  of  a  typical  airblast 
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Fig.  1 3:  Effect  of  core  air  swirl  on  airblast  atomizer 
performance 


Fig.  14:  CFD  result  showing  negative  or  backflow 
into  core  swirler 


BULLET  IN  CORE 


-ig.  15:  Addition  of  a  bullet  in  core  with  a  simple  jet 
through  bullet 


Fig.  16:  Effect  of  bullet  flow  jet  on  axial  velocity 
distribution 


Fig.  18:  Fuel  spray  distribution  with  10  &  20  degree 
injection  angles 
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Fig.  17:  Effect  of  distributor  jet  angle  on  fuel  film 
continuity 
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SUMMARY 


Results  are  presented  from  an  experimental  study  of  the 
effect  of  incomplete  fuel-air  mixing  on  the  lean  limit  and 
emissions  characteristics  of  a  lean,  prevaporized, 
premixed  (LPP),  coaxial  mixing  tube  combustor.  Two- 
dimensional  exciplex  fluorescence  was  used  to 
characterize  the  degree  of  fuel  vaporization  and  mixing  at 
the  combustor  inlet  under  non-combusting  conditions. 
These  tests  were  conducted  at  a  pressure  of  4  atm.,  a 
temperature  of  400®C,  a  mixer  tube  velocity  of  100 
m/sec  and  an  equivalence  ratio  of  .8,  using  a  mixture  of 
tetradecane,  1  methyl  naphthalene  and  TMPD  as  a  fuel 
simulant.  Fuel-air  mixtures  with  two  distinct  spatial 
distributions  were  studied.  The  exciplex  measurements 
showed  that  there  was  a  significant  amount  of 
unvaporized  fuel  at  the  combustor  entrance  in  both  cases. 
One  case,  however,  exhibited  a  very  non-uniform 
distribution  of  fuel  liquid  and  vapor  at  the  combustor 
entrance,  i.c.,  with  moat  of  the  fuel  in  the  upper  half  of 
the  combustor  tube,  while  in  the  other  case,  both  the  fuel 
liquid  and  vapor  were  much  more  uniformly  distributed 
across  the  width  of  the  combustor  entrance.  The  lean 
limit  and  emissions  measurements  were  all  made  at  a 
pressure  of  4  atm.  and  a  mixer  tube  velocity  of  100 
m/sec,  using  let  A  fuel  and  both  fuel-air  mixture 
distributions.  Contrary  to  what  was  expected,  the  better 
mixed  case  was  found  to  have  a  substantially  leaner 
operating  limit.  The  two  mixture  distributions  also 
unexpectedly  resulted  in  comparable  NOx  emissions,  for 
a  given  equivalence  ratio  and  inlet  temperature,  however, 
lower  NOx  emissions  were  possible  in  the  better  mixed 
case  due  to  its  leaner  operating  limit. 

INTRODUCTION 

A  major  consideration  in  the  development  of  advanced 
high  performance  gas  turbine  engines  for  aircraft 
applications  is  reduced  NOx  emissions.  This  is 
especially  true  as  combustion  chamber  temperatures  and 
pressures  are  increased  in  order  to  improve  engine 
performance,  since  both  of  these  factors  result  in  greater 
NO  production.  The  need  for  reduced  NOx  emissions  is 
motivated  by  concerns  regarding  the  impact  of  NOx 
emissions  on  the  upper  atmosphere,  particularly  in  terms 


of  the  destruction  of  ozone  [1-3].  These  concerns  have 
led  to  the  establishment  of  strict  aircraft  emissions 
regulations  £4,5]. 

Over  the  years,  a  number  of  strategies  have  been 
considered  for  reducing  NOx  emissions  from  gas  turbine 
combustion  systems,  including  variable  geometry 
combustors  [6-10],  staged  combustors  [11-13],  catalytic 
combustors  [14,15],  lean  prevaporized  premixed 
combustors  [8-10,16],  direct  injection  combustors  [17-191 
atiu  rich  bum-quick  quench-lean  bum  combustors  [20- 
22].  All  of  these  low  NOx  combustor  concepts  arc  based 
on  the  fact  that  thermal  NO  production  is  reduced  when 
operating  away  from  stoichiometric  conditions.  Another 
important  feature  of  ali  the  low  NOx  combustor  concepts 
is  that  proper  control  of  fuel-air  mixing  is  essential  for 
their  successful  implementation.  This  pertains  not  only 
to  achieving  low  NOx  emissions  but  also  to  achieving 
acceptable  lean  stability  limits. 

Of  particular  interest  in  this  paper  is  the  lean 
prevaporized  premixed  (LPP)  concept.  The  LPP 
combustion  process  can  be  separated  into  three  different 
regions.  The  first  region  is  for  fuel  injection, 
vaporization  and  mixing,  and  ideally  results  in  a  totally 
vaporized,  uniform,  lean  fuel-air  mixture.  In  the  second 
region,  the  flame  is  stabilized  by  the  creation  of  a 
recirculation  zone,  while  the  third  region  is  for  the  post 
flame  combustion  process  which  is  required  to 
completely  oxidize  the  intermediate  hydrocarbons  and 
CO.  If  the  fuel  is  completely  vaporized  and  mixed 
before  the  flame,  the  overall  fuel  lean  conditions  result  in 
very  low  NO  production.  In  practice,  however,  it  is 
difficult  to  achieve  complete  fuel-air  mixing.  As  a 
consequence,  temporal  fluctuations  and/or  spatial  non¬ 
uniformity  in  the  equivalence  ratio  can  result  in  locally 
near-stoichiometric  conditions  which  produce  NO  in 
excess  of  what  is  produced  under  perfectly  mixed 
conditions.  This  suggests  that  the  optimum  LPP 
combustor  would  be  one  with  complete  fuel  vaporization 
and  mixing.  Unfortunately,  premixed  combustors  also 
have  disadvantages  in  that  they  are  prone  to  flashback 
and  they  have  poor  lean  limit  characteristics,  both  in 
terms  of  combustion  stability  and  CO  emissions.  As  a 
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result,  LPP  combustors  exhibit  a  characteristic  trade-off 
between  NOx  emissions  and  the  lean  stability  and  lean 
CO  emissions  limits  as  the  degree  of  fuel-air  mixing  is 
varied  116,18,23). 

The  generally  accepted  notion  that  incomplete  fuel-air 
mixing  affects  both  the  NOx  emissions  and  the  lean  limit 
characteristics  of  premixed  gas  turbine  combustors  is 
based  on  substantial  evidence  from  actual  combustor  tests 
[8,16,23-30],  In  most  of  these  tests,  the  degree  of  fuel- 
air  mixing  has  only  been  varied  qualitatively,  e.g.,  by 
varying  the  fuel  injection  pressure.  There  have  also 
been,  however,  a  few  well-controlled  studies  of  this 
phenomenon,  i.e.,  where  the  degree  of  fuel-air  mixing 
was  quantified  and  systematically  varied,  which  cupport 
this  view. 

In  1973,  Appleton  and  Heywood  [31]  reported  on  an 
experimental  study  of  the  effect  of  incomplete  fuel-air 
mixing  on  NO  and  CO  formation  in  a  liquid  fueled 
combustor.  Kerosene  fuel  was  injected  on  the  centerline 
of  the  burner  inlet  using  an  air  assisted  atomizer, 
allowing  the  degree  of  fuel-air  mixing  to  be  varied  by 
varying  the  atomizing  air  pressure.  The  degree  of  fuel- 
air  mixing,  which  was  defined  as  the  rms  fluctuation  in 
the  fuel-to-air  ratio  divided  by  the  mean  fuel-to-air  ratio, 
was  measured  using  a  technique  which  relates  the  rms 
fluctuation  in  the  fuel-to-air  ratio  to  the  oxygen 
concentiation  in  the  burned  gases.  They  found  that  for 
near  stoichiometric  conditions,  the  NOx  emissions 
increased  by  a  factor  of  two  with  increasing  atomizing 
air  pressure,  i.e.,  better  mixing,  while  for  fuel  lean 
conditions,  the  NOx  emissions  decreased  with  better 
mixing  by  a  factor  of  ten  over  the  same  range  of 
atomizing  air  pressure. 

In  1979,  Semerjian,  Ball  and  Vranos  [32]  reported  on  the 
results  from  an  experimental  study  very  similar  to  the 
one  conducted  by  Appleton  and  Heywood  [31].  Jet  A 
liquid  fuel  was  injected  on  the  centerline  of  the 
combustor  inlet  using  a  pressure  atomizing  nozzle. 

Unlike  the  Appleton  and  Heywood  experiment  where  the 
flow  was  relatively  uniform  radially,  they  found  the  flow 
to  vary  significantly  over  the  combustor  cross-section. 
Therefore,  not  only  were  there  temporal  fluctuations  in 
the  fuel-to-air  ratio,  but  the  mean  fuel-to-air  ratio  was 
spatially  non-uniform.  They  used  a  technique  similar  to 
that  used  by  Appleton  and  Heywood  to  determine  the 
rms  fluctuation  in  the  fuel-to-air  ratio,  which  they  found 
varied  with  the  fuel  pressure,  i.e.,  the  fuel  to-air  ratio, 
Their  results  also  showed  lha.  poorer  fuel-air  mixing 
resulted  in  increased  NOx  emissions  for  overall  fuel  lean 
flames  and  in  decreased  NOx  for  near-stoichiometric 
flames,  where  the  cross-over  point  occurred  at  an  overall 
equivalence  ratio  near  0.6,  as  compared  to  a  value  of 
approximately  0.8  in  Appleton  and  Heywood’s  study. 

In  1981,  Lyons  [33]  reported  on  nn  experimental  study  of 
the  effect  of  inlet  fuel-to-air  ratio  profile  non-uniformity 


on  NOx  emissions.  The  experiments  were  conducted  at 
3  atmospheres  using  Jet  A  liquid  fuel.  A  multi-point  fuel 
injector  consisting  of  17  individual  injectors  was  used  to 
achieve  different  mean  fuel-to-air  ratio  profiles  arras  the 
diameter  of  the  flame  tube.  The  .can  fun  (o  mit  ratio 
profiles  were  measured  using  a  gas  sampling  probe; 
however,  the  temporal  rmi  fluctuations  were  not 
characterized.  The  results  showed  that  spatial  non¬ 
uniformity  in  the  fuel-to-air  ratio  resulted  in  increased 
NOx  emissions  for  overall  equivalence  ratios  below  0  7 
and  decreased  NOx  emissions  for  overall  near 
stoichiometric  equivalence  ratios. 

In  1992,  Flanagan  ft  al.  [34]  reported  on  an 
experimental  study  using  a  simple  mixing  tube  with  a 
bluff  body  flame  stabilizer  at  its  exit.  By  changing  the 
location  of  fuel  (natural  gas)  injection  along  the  length  of 
the  mixing  tube,  the  degree  of  fuel-air  mixing  at  the 
flame  stabilizer  was  systematically  varied.  This  method 
of  fuel-air  mixing  can  be  expected  to  result  in  both 
temporal  fluctuation*  and  spatial  non-uniformity  in  the 
fuel-to-air  ratio.  Unfortunately,  the  degree  of  fuel-air 
mixing  was  not  characterized  in  this  study.  Nonetheless, 
the  results  are  very  interesting,  given  the  simple 
experimental  configuration  and  the  systematic  manner  in 
which  the  degree  of  fuel-air  mixing  was  varied.  In  the 
'eanest  case  (4  =  .66),  a  nearly  five-fold  increase  in 
NOx  emissions  was  observed  in  going  from  well-mixed 
.o  incompletely-mixed  conditions.  It  was  also  shown  that 
incomplete  fuel-air  mixing  results  in  greater  NOx 
emissions  at  overall  equivalence  ratios  up  to 
approximately  0.9. 

In  1992.  Fric  [35]  reported  on  an  experimental  study 
using  an  experimental  configuration  very  similar  to  that 
of  Flanagan  ct  al.  Fric,  however,  did  quantify  the 
degree  of  fuel-air  mixing  at  the  flame  stabilizer  location 
using  an  NOj  fluorescence  technique  [36)  His  tests 
were  conducted  at  1  atm  using  natural  gas  fuel  with 
temporal  fluctuations  in  the  fuel-to-air  ratio  as  large  as 
20  percent  and  spatial  non-uniformities  in  the  fuel-to-air 
ratio  a*  large  as  50  percent.  He  found  that  both  spatial 
non-uniformities  and  temporal  fluctuations  in  the  fuel-to- 
air  ratio  can  result  in  significantly  increased  NOx 
emissions  compared  to  the  perfectly  mixed  case.  For 
example,  10  percent  temporal  fluctuations  resulted  in  a 
doubling  of  the  NC>X  emission*. 

In  order  to  understand  the  effect  of  incomplete  fuel-air 
mixing  on  the  emissions  and  lean  limit  characteristics  of 
piemixed  gas  turbine  combustors,  a  number  of 
fundamental  issues  need  to  be  better  understood.  These 
issues  can  best  be  explained  with  reference  to  the 
simplified  illustration  in  Figure  1.  As  shown,  the  fuel 
air  mixture  enters  the  flame  as  pocket*  of  reactants  with 
different  equivalence  ratios.  The  range  of  equivalence 
ratio  variation  represc  ts  the  rms  fluctuation  ir  the  fuel- 
to-air  ratio,  and  the  size  c  f  the  pockets  represents  the 
lengt!  scale  of  the  fucl-to-air  ratio  fluctuations  It  is 
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Figure  I.  A  phenomenological  description  of  the  effect  of  incomplete  fuel-air  mixing. 


assumed  in  this  simplified  phenomenological  description 
that  within  each  pocket,  the  fuel  and  air  are  well  mixed 
and,  therefore,  the  local  flame  properties,  e  g.,  flame 
speed  and  flame  temperature,  are  determined  by  the  local 
equivalence  ratio.  As  a  result,  the  spatial  and  temporal 
fluctuations  in  the  fuel-to-air  ratio  will  have  a  significant 
effect  on  Che  structure  of  the  flame,  and  more 
importantly,  on  the  overall  mass  burning  rate  arid  thereby 
the  lean  blowout  limit  of  a  combustor. 

Referring  back  to  Figure  1 ,  it  is  shown  that  as  the 
pockets  of  reactants  pass  through  the  flame  front,  they 
increase  in  size  as  a  result  of  the  volumetric  expansion 
which  accompanies  the  constant  pressure  heat  release. 

The  temperature  and  composition  of  the  pockets  of 
combusticn  products  reflect  the  variations  in  the 
equivalence  ratio  among  the  pockets  of  reactants. 
Therefore,  there  are  significant  temporal  and  spatial 
fluctuations  in  the  temperature  and  composition  of  the 
burned  gases  when  the  fuel  and  air  entering  the  flame  arc 
not  wed  mixed.  Due  to  turbulent  mixing,  however,  the 
spatial  and  temporal  non-umfnrmitics  in  the  combustion 
products  mix  and  become  Uniterm  at  some  distance 
downstream  of  the  flame.  The  rate  of  mixing  of  the 
combustion  pioducts  can  have  a  significant  effect  on  both 
the  CO  and  NOx  emissions  due  to  the  relatively  slow  CO 
oxidation  and  NO  formation  chemistry.  For  example,  if 
the  rate  of  post-flame  mixing  is  much  slower  than  the 
rate  of  NO  formation,  then  the  amount  of  NO  produced 
in  each  product  pocket  will  depend  on  the  equivalence 
ratio  of  the  reactant  pocket  from  wh^h  it  originated. 

Due  to  the  non  linear  relationship  between  NO  formation 
and  equivalence  ratio,  the  total  NOx  emissions  will  be 
different  from  that  which  would  be  obtained  if  the 
reactants  were  well  mixed.  The  effect  of  incomplete 
fuel-air  mixing  on  the  total  amount  of  NO  produced, 
assuming  the  rate  of  post  flame  mixing  is  much  slower 


than  the  NO  chemistry,  is  shown  in  Figure  2  for  rms 
fluctuations  in  the  fuel-to-air  ratio  of  10%,  20%  and  28% 
[3.3],  These  results  were  calculated  assuming  a  Gaussian 
pdf  for  the  distribution  of  equivalence  ratios  and  using 
the  NO  versus  equivalence  ratio  result  for  the  completely 
mixed  case,  which  is  also  shown  for  comparison.  A i 
shown  in  Figure  2,  at  fuel-lean  conditions,  incomplete 
fuel-air  mixing  results  in  increased  NO  production, 
however,  at  nepr  stoichiometric  conditions,  the  total 
amount  of  NO  is  actually  reduced.  Recall,  however,  that 
these  results  arc  for  the  case  when  the  rate  of  post-flame 
mixing  is  much  less  than  the  rate  of  NO  formation.  As 
the  rate  of  post-flame  mixing  is  increased,  one  would 
expect  the  total  amount  of  NO  produced  to  approach  the 
completely  mixed  result. 

DESCRIPTION  OF  EXPERIMENT 
The  experiments  were  conducted  in  a  combustor  test 
facility  which  is  capable  of  operating  at  pressures  up  to 
10  atmospheres,  at  inlet  temperatures  up  to  800  K 
( -  1000°F)  and  with  flow  rates  of  air  or  nitrogen  up  to 
0.3  kg/scc  (0.67  lbiscc).  A  schematic  drawing  of  this 
facility  is  shown  in  Figure  3.  The  test  section,  which 
houses  both  the  fuel-air  mixer  and  the  combustor,  has 
provisions  for  optical  access  through  four  quartz 
windows  (5  cm  by  25  cm),  as  illustrated  in  Figure  3. 

The  facility  also  provides  access  for  a  traversing,  water- 
cooled,  stainless  steel  gas  sampling  probe,  which  can  be 
used  to  sample  combustion  products  along  the  entire 
length  of  the  combustor. 

The  fuel-air  mixer  is  a  cylindrical  tube  which  is  followed 
by  a  larger  diame'-r  coaxial  combustor  tube.  Liquid  fuel 
is  injected  nrar  the  entrance  of  the  mixing  tube  and  the 
flame  is  stabilized  at  the  rearward  facing  step  separating 
the  mixer  and  the  combustor  tubes.  Fuel-air  mixtures 
with  different  spatial  distributions  at  the  combustor  inlet 
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Figure  2.  The  effect  of  incomplete  fuel-air  mixing 
on  NO  production  [33]. 


are  achieved  by  changing  the  fuel  injection  configuration. 
In  the  work  presented  in  this  paper,  two  different  fuel-air 
mixture  distributions  were  studied. 


Separate  testa  were  conducted  to  characterize  the  fcel-air 
mixing  and  to  characterize  the  emissions  and  lean 
stability  limits.  The  fuel  air  mixing  tests  were  conducted 
at  one  operating  condition,  i.e.,  at  4  atmospheres,  at  an 
inlet  temperature  of  4Q0*C  (750*F),  at  a  mean  velocity 
of  100  m/sec  in  the  mixer  tube  and  at  an  overall 
equivalence  ratio  of  .8.  The  emission*  and  lean  stability 
limit  tuts  were  also  conducted  at  4  atm  and  a:  a  mean 
mixer  tube  velocity  of  100  m/sec;  however,  the  intet  air 
temperature  waa  varied  (360*C,  400*0,  450*C)  and  the 
equivalence  ratio  was  varied  from  the  lean  limit  to  near 
stoichiometric  conditions. 

The  technique  which  was  used  to  characterize  the  fuel-air 
mixing  was  exciplex  fluorescence  [37],  The  main 
advantage  of  this  technique  is  that  the  liquid  phase 
fluorescence  is  at  a  different  wavelength  than  the  vapor 
phase  fluorescence.  Therefore,  by  simple  optical 
filtering,  it  is  possible  to  distinguish  between  fuel  liquid 
and  fuel  vapor.  The  disadvantage*  of  the  technique  are 
that  oxygen  very  effectively  quenches  the  fluorescence 
signal,  and  therefore,  the  measurements  must  be  carried 
out  in  a  nitrogen  rather  than  air  environment,  that  it  only 
provides  a  qualitative  measure  of  the  relative  fuel  vapor 
or  fuel  liquid  concentration,  and  that  the  actual  fuel  must 
be  replaced  by  an  appropriately  chosen  simulant  which 
exhibits  the  exciplex  behavior.  Nonetheless,  it  is  an 
extremely  useful  and  valuable  technique  for  making 
qualitative  assessments  of  the  degree  of  fuel  vaporization 
and  mixing.  The  fuel  simulant  which  was  chosen  for 
these  tests  was  a  mixture  of  tetradecane,  1  methyl 
naphthalene  and  TMPD.  This  particular  mixture  was 
chosen,  in  part,  because  the  boiling  points  fall  near  the 
middle  of  the  boiling  point  range  of  the  Jet  A  fuel  used 
in  the  combusting  tests.  The  frequency  tripled  output  of 
a  pulsed  Nd:YAG  laser  at  355  nm  was  used  to  excite  the 
exciplex  fluorescence.  Optical  access  was  obtained  to 
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Figure  4.  Optically  accessible  mixer-combustor  assembly  for  fuel-air  mixing  tests  (not  to  scale). 


both  the  mixer  tube  and  the  combustor  tube  through  the 
previously  mentioned  quartz  windows.  In  addition,  a 
quartz  version  of  the  mirer-combustor  tube  assembly  was 
used,  as  illustrated  in  Figure  4.  The  laser  beam  was 
formed  into  a  laser  sheet  which  was  approximately  0.5 
mm  thick  and  jO  mm  wide,  where  it  passed  through  the 
mixer-combustor  tube.  The  exciplex  fluorescence  signal 
from  the  laser  sheet  was  imaged  at  90  degrees  onto  an 
intensified  CCD  camera  with  a  maximum  gain  of 
approximately  10*.  Optical  filters  were  used  to  isolate 
the  fuel  vapor  fluorescence  and  the  fuel  liquid 
fluorescence. 

For  the  combusting  tests ,  the  mixer  tube  was  fabricated 
from  stainless  stscl  and  the  combustor  tube  was  made 
from  Haatelloy  and  was  air-cooled  to  keep  the  combustor 
wall  temperature  below  90C*C.  A  schematic  drawing  of 
thb  assembly  is  given  in  Figure  S.  The  lean  limit  was 
defined  by  the  occurrence  of  flame  blowout  which  was 
detected  by  a  marked  decrease  in  the  combustor  wall 
temperature.  The  emission*  measurements  were  made 
using  the  water-cooled,  stainless  steel  gas  sampling  probe 
located  near  the  combustor  tube  exit.  The  combustor 
residence  >ime  was  nominally  6  milliseconds  in  all  of  the 
testa.  The  gas  samples  were  analyzed  using  conventional 
gas  analysis.  Although  the  gas  sampling  probe  was 
located  on  the  center  line  of  the  combustor,  it  is 
reasonable  to  assume  tliat  the  combustion  products  were 
well  mixed  at  the  combustor  exit  due  to  the  relatively 
long  length  of  the  combustor  tube,  i.e  ,  L/D  =  20. 

RESULTS  AND  DISCUSSION 
The  results  from  the  fuel  air  mixing  testa  are  shown  in 
Figures  6-13.  As  noted  previously,  the  exciplex 
measurements  were  made  at  one  operating  condition  for 
two  fuel-air  mixture  distributions,  subsequently  referred 
to  as  A  anci  B.  In  addition,  measurements  were  made 


both  from  the  side  view,  snd  from  the  top  view.  The 
objective  of  these  measurements  was  to  determine 
qualitative  differences  between  the  two  fuel-air  mixture 
distributions  with  respect  to  both  the  degree  of  fuel 
vaporization  and  the  degree  of  fuel-air  mixing.  The 
results  are  presented  as  normalized  iso-intensity  plots, 
where  a  value  of  one  corresponds  to  the  maximum  fuel 
vapor  or  liquid  concentration  and,  where  for  qualitative 
comparisons,  the  fuel  vapor  and  liquid  concentration  can 
be  assumed  to  scale  linearly  with  the  normalized 
intensity.  The  results  shown  in  Figures  6-13  arc 
averages  of  five  exciplex  images  obtained  at  the  same 
conditions;  however,  it  should  be  noted  that  there  were 
no  significant  variations  from  image  to  image  for  the 
same  condition.  Hie  field  of  view  in  these  images  is 
centered  on  the  transition  between  the  mixer  and 
combustor  tubes.  Figures  6  and  7  show  the  side  and  top 
view,  respectively,  fuel  liquid  results  for  fuel-air  mixture 
distribution  A.  Note  that  the  band  which  occurs  at  the 
mixcr-to-combustor  transition,  where  it  appears  that  there 
is  little  or  no  fuel,  is  actually  due  to  the  poor  optical 
quality  of  the  quartz  mixer-combustor  assembly  at  this 
location.  The  first  observation  is  that  there  appears  to  be 
significant  liquid  fuel  which  has  not  yet  been  vaporized 
at  the  entrance  to  the  combustor  tube.  From  the  top 
view  it  appears  that  the  liquid  is  relatively  uniformly 
distributed  across  the  width  of  the  mixer  tube,  however, 
from  the  side  view  it  is  apparent  that  the  liquid  is  wetting 
the  upper  wall  of  the  mixer  tube.  It  is  also  interesting  to 
note  that  the  liquid  remains  near  the  centerline  of  the 
combustor  tube  without  being  dispersed  outward  to  the 
combustor  walls. 

Figures  8  and  9  show  the  side  and  top  view, 
respectively,  fuel  vapor  results  for  fuel-air  mixture 
distribution  A.  The  spatial  distribution  of  the  fuel  vapor 
is  similar  to  that  of  the  fuel  liquid,  showing  clear 
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Figure  5.  Mixer-combustor  assembly  for  lean  limit  ami  emissions  tests  (not  to  scale). 


evidence  of  an  asymmetric  distribution  in  the  side  view; 
however,  there  is  an  important  difference  in  that  the  fuel 
vapor  has  been  dispersed  out  to  the  combustor  walls, 
particularly  as  shown  in  the  top  view. 

Figures  10  and  11  show  the  side  and  top  view, 
respectively,  fuel  liquid  results  for  fuel-air  mixture 
distribution  B.  Aga:n,  it  is  evident  that  a  significant 
amount  of  liquid  fuel  is  not  vaporized  at  the  combustor 
entrance.  In  this  cate,  the  fuel  distribution  is  noticeably 
more  uniform,  as  viewed  both  from  the  top  and  the  side. 
It  is  still  apparent,  however,  that  the  liquid  tends  to  stay 
on  the  centerline  of  the  combustor  tube  without 
dispersing  out  to  the  combustor  walls. 

Figures  12  and  13  show  the  side  and  top  view, 
respectively,  fuel  vapor  results  for  fuel-air  mixture 
distribution  B.  Again,  the  spatial  distribution  of  the  fuel 
vapor  is  similar  to  that  of  the  fuel  liquid,  j.e.,  it  is 
relatively  uniform  in  both  the  top  and  side  viuws.  The 
fuel  vapor,  however,  has  again  been  more  effectively 
dispersed  across  the  entire  diumetc,  of  the  combustion 
tube. 

In  summary,  both  fuel-air  mixture  distributions  show  that 
there  is  incomplete  fuel  vaporization  at  the  entrance  to 
the  combustor  tube.  Fuel-air  mixture  distribution  B, 
however,  exhibits  a  significantly  more  uniform 
distribution  rf  fuel  liquid  and  vapor  at  the  combustor 
entrance. 

The  lean  limits  were  determined  for  both  fuel-air  mixture 
distributions,  and  it  was  found  that  distribution  B  which 
was  significantly  more  uniform,  resulted  in  a 
significantly  lower  lean  limit.  This  result  was  not 
expected,  since,  as  previously  discussed,  it  is  generally 
accepted  that  better  mixing  has  an  adverse  effect  on  the 


lean  limit.  From  an  analysis  of  lean  limit  data  from  a 
variety  cf  different  studies,  it  has  been  observed  [3S|  that 
the  lean  limit  corresponds  to  the  case  of  constant 
adiabatic  flame  temperature,  for  a  given  experimental 
configuration.  Over  the  range  of  conditions  tesud  in  this 
study,  it  was  found  for  both  fuel-air  mixture  distributions 
that  the  adiabatic  flame  temperature  at  the  lean  limit  waa 
constant  within  150*C,  although  there  waa  a  difference 
of  approximately  100 °C  between  the  lean  limit  flame 
temperature  for  the  two  fuel-air  mixture  distributions. 

The  CO,  COj  and  02  emissions  measurements  were  used 
ta  calculate  the  combustion  efficiency  over  the  range  of 
test  conditions,  and  it  was  found  that  the  combustion 
efficiency  was  greater  that  99  5%  id  equivalence  ratios 
belo  v  0.9  for  both  fuel-air  mixture  distributions.  The 
two  fuel-air  distributions,  however,  did  show  different 
lean  limit  behavior  in  that  a  significant  increase  in  CO 
emissiens  was  observed  at  the  lean  limit  of  the  better 
mixed  case,  i.e.,  fuel- air  mixture  distribution  B;  whereas 
no  appreciable  increase  in  CO  emissions  was  obseived  at 
the  lean  limit  with  fuel-air  mixture  distribution  A. 

And  lastly,  the  two  fuel-air  mixture  distributions  were 
unexpectedly  found  to  result  in  comparable  NOx 
emissions  for  a  given  equivalence  ratio  and  inlet 
temperature.  Fuel-air  mixture  distribution  B,  however, 
had  the  advantage  of  being  able  t r  operate  leaner  and 
thereby  achieve  lower  NOx  emissions. 

CONCLUSIONS 

Thu  degree  of  fuel  vaporization  and  fuel-air  mixing  in  a 
coaxial,  mixing-tube  combustor  was  qualitatively 
charade  riz-xt  using  exciplex  fluorescence.  Two  fuel-air 
mixture  distributions  were  studied.  Both  had  appreciable 
unvaporized  fuel  at  'he  combustor  inlet,  while  one  had  a 
very  non-uniform  fuel  distribution  and  the  other  had  a 


relatively  uniform  fuel  distribution.  Unexpectedly,  die 
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Figure  6.  Exciplex  fluorescence  measurements:  fuel  liquid,  side  view,  fuel-air  mixture  distribution  A. 
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Figure  7.  Exciplex  fluorescence  measurement:  fuel  liquid,  top  view,  fuel-air  mixture  distribution  A. 
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Figure  10.  Exciplex  fluorescence  measurement:  fuel  liquid,  side  view,  fuel-sir  mixture  distribution  B. 


figure  II.  Exciplex  fluorescence  measurement:  fuel  liquid,  top  view,  fuel-air  mixture  distribution  B. 


Figure  12.  Excipiex  fluorescence  measurement:  fuel  vapor,  side  view,  fuel-air  mixture  distribution  B. 


Figure  13.  Excipiex  fluorescence  measurement:  fuel  vapor,  top  view,  fuel-air  mixture  distribution  B. 
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1.  SUMMARY 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  lean  blowout  (I.BO)  stability  to  ensure  an 
adequate  stability  margin.  Therefore,  a  geometrically  simple, 
optically  accessible,  and  acoustically  decoupled  research 
combustor  was  designed  to  reproduce  the  gross  features  of 
the  flow  Held  in  a  modem  annular  gas  turbine  combustor.  Its 
LOO  was  measured  using  methane  and  propane  fuels.  We 
successfully  observed  and  documented  a  systematic  and 
detailed  sequence  of  events  comprising  an  attached  flame,  a 
lifted  shear  flame,  an  intermittent  shear  flame,  the  large-scale 
instability  of  the  flame  front,  and  LBO.  Also,  for  the  soke  of 
comparison,  a  generic  gas  turbine  combustor  was  tested  and 
its  LBO  limits  were  measured. 

We  found  that  UK)  in  the  research  combustor  behaved  like  a 
perfectly  stirred  reactor  (PSR)  for  values  of  combustor¬ 
loading  spanning  three  orders  of  magnitude.  Also.  LBO  was 
successfully  correlated  using  a  simple  PSR  theory.  Finally, 
Swithcnbank's  dissipation  gradient  approach  and  an  eddy 
dissipation  model  with  a  built-in  characteristic  extinction 
time  criterion,  when  coupled  with  CFD,  offer  the  possibility 
of  an  a  priori  calculation  of  LBO.  The  lean  stability  of  a 
generic  gas  turbine  combustor  at  peak  heat  release  rates  was 
less  than  thut  in  a  research  combustor.  Also,  in  the  generic 
combustor,  the  flame  changes  from  a  lifted  to  an  attached 
position  depending  upon  how  combustor  loading  is  achieved. 
Due  to  such  complications,  modeling  of  the  LBO  process  that 
works  reasonably  well  with  the  research  combustor  will  be 
seriously  challenged  by  the  blowout  behavior  evidenced  in 
the  generic  gas  turbine  combustor. 

LIST  OF  SYMBOLS 

Cjj  constant 

D  laminar  diffusion  coefficient 

E  activation  energy 

K  turbulent  kinetic  energy 

LBO  lean  blowout 

LP  loading  parameter 

IVD  length/diameter  ratio 

m  mass  flow  rate 

n  reaction  order 

P  pressure 

PSR  perfectly  stirred  reactor 

R  gas  constant 

Re  Reynolds  number 

S  species  source  term 


T  temperature 

V  combustion  volume 

x.y.z  radial,  transverse,  and  axial  distance  resp. 

I  turbulent  dissipation  rate 

$  equivalence  ratio 

v  kinematic  viscosity 

p  density 

a  Schmidt  number 

x  residence  time 

Subscripts 
a  air 

ext  extinction 

f  fuel 

o  oxygen 

nit,N2  nitrogen 
tot  total 

2.  INTRODUCTION 

A  prime  requirement  in  the  design  of  a  modem  gas  turbine 
combustor  is  good  combustion  stability,  especially  near  lean 
blowout  (LBO),  to  ensure  an  adequate  stability  margin.  For 
the  aircraft  engine,  combustor  blow-off  limits  are  encountered 
during  low  engine  speeds  at  high  altitudes  over  a  range  of 
combustor  air  loading  parameters.  This  is  illustrated  in  Fig. 
1  as  a  loss  in  the  operating  envelope.  It  is  the  task  of  the 
combustion  engineer  to  design  a  combustor  such  that  all  its 
steady-state  operating  points  lie  inside  ths  envelope.  This 
envelope  should  Ire  extensive  enough  to  encompass  the 
under-  and  over-shoots  associated  with  the  different  response 
rates  to  the  throttle  movements  of  the  fuel  system  and  the 
rotating  machinery.  Further,  the  current  and  likely  future 
design  trends  towards  airblast  atomization,  high  temperature 
rise,  and  low  emissions  are  eroding  the  safety  margins.  For 
these  reasons,  the  U.S.  Air  Force  Wright  Laboratory,  Aero 
Propulsion  and  Power  Directorate  (WL/PO),  Wright- 
Pattcrson  Air  Force  Base,  Ohio  initiated  a  joint  Government, 
Industry,  and  University  research  program  to  understand  and 
model  LBO  in  aircraft  combustors.  This  paper  describes  the 
major  results  a, id  discusses  various  factors  that  influence 
LBO  in  research  and  practical  combustors. 

In  a  modem  annular  gas  turbine  combustor  (Fig.  2),  flame  is 
stabilized  by  producing  a  recirculation  zone  in  the  flow  field. 
This  zone  is  generated  by  a  combination  of  three 
mechanisms:  an  axial  swirling  air  jet  associated  with  each 
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Fig.  1:  Engine  operating  envelope  superimposed 
on  the  combustor  stability  loop,  Illustrating  the 
stability  margins  at  blowout. 


Fig.  2:  Flow  pattern  In  a  modern  annular 
combustor. 

fuel  introduction,  sudden  expansion  of  the  axial  swirling  jets 
as  they  enter  the  primary  zone,  and  hack  pressure  provided  hy 
an  array  of  radial  air  jets  at  the  end  of  the  primary  zone.  To 
obtain  low  exhaust  emissions,  Pratt  &  Whitney  currently 
tailors  the  combustor  flow  control  mechanisms  to  produce  an 
"inside-out”  recirculation  pattern  (Fig.  2).  Therefore,  the 
research  combustor  was  required  to  reproduce  this  type  of 
recirculation  pattern.  At  the  same  time,  it  had  to  provide 
stable  combustion  over  a  reasonably  wide  variation  in  its 
loading,  be  geometrically  simple  for  ease  of  experimentation 
and  computation,  and  provide  adequate  optical  access  for 
measurements. 

This  paper  discusses  fundamental  processes  in  the  near-field 
region  of  the  combustor  that  elucidate  how  LUO  occurs  in 
practical  combustors,  factors  relating  to  combustor  geometry 


(c.g..  back  pressure)  and  operating  conditions  (e.g., 
equivalence  ratio,  fuel  and  air  velocity)  that  influence  IJBO,  a 
map  of  flame  behavior  vs.  combustor  loading,  and  the 
application  of  reaction  rate  theory  to  the  correlation  of  I  BO 
results. 

3.  EXPERIMENTAL  WORK 

Research  Combustor:  Wc  designed  a  research  combustor  to 
simulate  three  main  features  of  the  flow  field  in  a  modem 
annular  gas  turbine  combustor;  (i)  a  reactive  shear  layer 
formed  between  fuel  and  air  jets,  (ii)  the  inside-out  type  of 
recirculation  zone,  and  (iii)  the  interaction  between  and  hack- 
pressure  exerted  by  transverse  combustion  air  jets  and  axially 
directed  jets  of  fuel-air  mixture.  A  complete  description  of 
the  combustor  design  and  development  is  provided  by 
Sturgesset  al.  (I). 


Fig.  3:  Schematic  diagram  of  a  research 
combustor  for  LBO  studies. 

Fig.  3  shows  a  schematic  diagram  of  the  research  combustor. 
It  consists  of  a  27-mm  (i.d.)  central  fuel  tube  of  low-speed 
gaseous  propane  or  methane  surrounded  by  a  40-mm  (i.d.) 
high-speed  coaxial  air  jet  exhausting  into  a  dump  combustor. 
This  arrangement  produces  an  intense  reactive  shear  layer 
between  fuel  and  airstreams.  The  duct  is  dosed  at  its 
forward  end  to  yield  a  55-mm-high,  backward-facing  step 
This  step  provides  an  inside-out  recirculation  zone  which 
feeds  high-temperature  combustion  products  into  the  shear 
layer  and  thus  provides  a  source  of  continuous  ignition  to 
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stabilize  the  flame.  A  perforated  conical  baffle  inserted  five 
diameters  upstream  of  the  fuel  tube  serves  to  acoustically 
isolute  the  fuel  supply  from  the  combustion  process.  As 
shown  in  Tig.  3,  the  step  combustor  is  mounted  vertically  on 
u  small  wind  tunnel.  The  combustor  duct  is  comprised  of  two 
separate  sections.  The  first  section  holds  optical  quartz 
windows  (or  metal  panels  with  thermocouples  and  static 
pressure  tappings  for  wall  temperature  and  pressure 
measurements,  respectively)  on  all  four  sides;  the  second  one 
is  a  250-mm  extension  inconel  chimney.  The  chimney  exit  is 
blocked  with  an  orifice  plate  which  simulates  the  back¬ 
pressure  effect  of  a  practical  combustor.  The  combustor  has  a 
hydraulic  mean  diameter  of  150  mm,  is  475  mm  long,  and 
has  an  exit  orifice  blockage  of  21%,  45%,  or  62%.  The 
combination  of  combustor  and  its  extension  chimney  yields 
(L/D)  ratios  of  3.17,  4.9,  and  6.5,  respectively. 

Test  Conditions:  The  combustion  laboratory  provides 
gaseous  propane  ananc  fuels  up  to  20  Kg/hr.  Both  fuclstrcam 
(Re  =  1,733  to  17,333)  and  airstream  (Re  =  7,233  to  72,322) 
were  monitored  to  within  1.5%.  Ignition  of  the  combustor 
was  satisfactorily  accomplished  using  a  retractable  torch 
igniter.  As  the  LBO  condition  was  approached,  the  attached 
diffusion  flame  lifted  from  the  fuel  tube  and  was  stabilized 
slightly  downstream.  This  was  the  region  of  most  interest 
and  relevance  to  the  present  study. 

Instrumentation:  A  three-component  LDA  system  for 

velocity  measurements  and  a  CARS  system  for  flame- 
temperature  measurements  were  used.  The  optical  window 
size  permitted  data  acquisition  in  the  range  x  =  -70  to  +  70 
mm,  y  =  -33  to  +33  mm,  and  z  =  2  to  360  mm. 

The  LDA  uses  the  green  (514.5  nm)  and  blue  (4R8  nm)  lines 
of  a  15  W  Argon-ion  laser  as  a  source;  two  measurement 
channels  were  separated  by  polarization  while  a  third  uses 
the  blue  beam.  ‘Die  scattered  signals  were  collected  in  a 
forward  direction  at  10  degrees  off  axis  The  effective  probe 
volume  was  50  x  300  x  750  pm,  the  Bragg  cell  frequency 
shift  was  5  MHz,  and  AI2O3  seed  particles  were  used.  After 
allowing  for  seed  biasing,  the  measurement  uncertainty  in 
mean  velocity  was  1%.  in  rms  velocity  it  was  5%,  and  in 
skewness  and  kurlosis  it  was  7%. 

The  CARS  system  employed  a  BOXCARS  configuration, 
Here,  the  frequency-doubled  source  green  beam  (532  nm) 
was  split  into  four  beams.  A  25-x-250-pm  measuring  spot 
size  was  achieved.  The  CARS  temperatures  were 
determined,  see  Heneghan  ct  al.,  [2j,  by  applying  the 
principle  of  local  thermodynamic  equilibrium.  Usually,  500 
samples  were  taken  for  each  CARS  measurement.  It  was 
estimated  that  the  overall  CARS  mean  temperature 
measurement  accuracy  is  within  50K,  while  the  precision  is 
well  within  20K.  Unlike  the  LDA.  the  CARS  measurements 
are  time-averaged  without  density-biasing  effects. 

4.  RESULTS 

Acoustic  Decoupling:  Combustion- induced  acoustic 

oscillations  can  severely  limit  the  operating  range  of  some 
practical  combustors- -especially  parallel-wall  duct 


combustors.  The  acoustic  characteristics  of  this  research 
combustor  were  investigated  because  it  was  feared  that  eddy- 
shedding  off  the  step  might  satisfy  the  Rayleigh  criterion, 
which,  in  turn,  could  set  up  resonance  in  the  combustor  and 
fuel  supply  tube.  Heneghan  et  al.  (3)  have  described  the 
results  of  this  investigation  in  detail.  It  was  found  that  an 
acoustic  isolator  in  the  fuel  tube  and  an  air  inlet  convergence 
that  eliminated  vortex  generation  at  the  inlet  significantly 
decrease  acoustic  coupling.  Finally,  a  research  step 
combustor  with  an  L/D  =  4.9  and  fitted  with  an  orifice  plate 
with  a  blockage  ratio  =  0.45  provided  the  best  combination  of 
LBO  and  freedom  from  acoustic  coupling. 

Isothermal  Flow  Field:  Next,  we  measured  the  isothermal 
flow  field  in  the  combustor  corresponding  to  the  fuel  and  air- 
jet  velocity  ratios  at  the  combustor  blowout  conditions.  This 
investigation  is  described  by  Sturgcss  et  al.  [4].  Fig.  4  shows 
a  typical  result.  The  LDA  measurements  revealed  the 
presence  of  the  primary  zone  flow  features  (i.e.,  a  near-field 
region  comprising  the  jet  shear  layer  and  a  small,  central 
recirculation  zone  generated  by  the  large  momentum  ratio 
between  the  fuel  and  the  air  jets;  an  outer  recirculation  zone 
stabilized  on  the  step;  and  the  far-ficld  region,  in  which  the 
individual  jets  lose  their  identity  and  exhibit  self-similarity). 
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Fig.  4:  Isothermal  flow  field  results  Illustrating  the 
near-Held  region,  recirculation  zones,  and  the  far- 
field  region;  (■,  ▲,  ▼-mean  axial  velocity,  □,  O 
turbulence  intensities,  and  A-max.  velocity 
gradient). 

Flame  Visualization:  Fig.  5  illustrates  the  sequence  of 
events  leading  to  LBO.  As  the  overall  equivalence  ratio  was 
reduced  below  unity,  the  attached  flame  moved  further 
downstream  into  the  combustor  in  a  characteristic  lifted  - 
flame  position  and  form.  Continuing  reduction  in  the 
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equivalence  ratio  produces  an  onset  of  flow  instability  in  the 
lifted  flame,  an  increase  in  the  amplitude  of  the  instability, 
the  ot.s.t  of  intermittency,  severe  intermittency,  and,  finally, 
the  onset  of  strong  axial  flame  instability.  This  sequence 
clearly  highlights  the  complexity  of  the  LBO  mechanism  in  a 
modem  annular  gas  turbine  combustor. 
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Fig.  5:  Sequence  of  events  leading  to  LBO  as 
observed  by  flame  visualization. 
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Fig.  6:  Calibration  curves  for  simulating 
subatmospheric  pressure  by  using  nitrogen 
dilution. 


In  our  research  combustor,  the  piloting  action  of  the  flame  in 
the  jet  shear  layers  by  the  attached  flame  at  the  step  appears 
to  be  crucial  to  combustor  stability.  Titus,  successful 
modeling  of  die  combustor  stability  requires  the  prediction  of 
the  attached  flame  and  its  lift.  The  OH  images  of  the 
attached  flame,  see  Sturgcss  et  a!..  |5).  show  that  its  structure 
at  any  given  time  is  associated  with  local  vortices  shed  from 
the  inner  edge  of  the  combustor  step.  Also,  the  instantaneous 
OH  images  reveal  that  combustion  takes  place  ir.  a  more 
distributed  form  via  relatively  large  "packets"  of  reaction. 

Lean  Blowout:  We  measured  1.BO  as  a  function  of  air 
loading  parameter  (IT’)  over  a  range  of  propane  fuel  flows. 
However,  this  did  not  yield  a  complete  combustor  stability 
lixip.  To  achieve  a  wide  variation  in  LP  with  the  simple 
aunospheric  pressure  research  combustor,  a  subatmospheric 
pressure  simulation  was  used.  As  explained  in  Ref.  16), 
excess  gaseous  nitrogen  was  introduced  into  the  air  supply 
upstream  of  the  combustor  as  a  diluent  to  lower  the 
concentration  of  reactants  and/or  reaction  temperature  by 
virtue  of  its  heat  capacity.  Fig.  6  illustrates  a  calibrated 
relationship  between  equivalent  pressure  and  (nitrogen/fuel) 
mass  ratio  at  blowout  in  the  research  combustor.  This 
technique  permitted  (i)  the  simulation  of  subatmospheric 
pressure  as  low  as  0.1  atm,  (ii)  the  completion  of  the 
combustor  stability  loop  (ranging  from  $  =  0.5  to  0.9),  and 
(iii)  increased  LP  by  (wo  orders  of  magnitude. 

Fig.  7  shows  the  IJiO  performance  of  our  research  combustor 
and  stability  loops  for  several  well-stirred  reactors  from  the 
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Fig.  7:  LBO  va.  LP  data  for  the  research 
combustor  showing  a  comparison  between  the 
measured  and  the  predicted  results. 

literature,  as  well  as  two  partial  Ux>ps  for  praclic?!  pas 
turbine  combustor.  For  these  results,  the  standard  LP  was 
derived  from  the  global  reaction  rate  theory,  but  modified  to 
include  the  effects  of  inert  excess  nitrogen; 


LP  =  mlf),/(VPn). 

(1) 

m«ol  =  mf  +  ma  +  m„i|. 

(2) 

and 

n  =  2  ♦  |  jjo  /( 1  +  nin,|/ma). 

Oi 

The  trend  of  LBO  vs,  air  loading  shown  m  Fig.  7  is  'cry 
similar  to  that  found  for  a  perfectly  stirred  reactor  (PSR),  the 
latter  approaching  the  characteristics  of  a  future  generation  of 


ideal  premixed,  prevapori/.cd,  near-stoichiometric 
combustor;.  Thus,  it  is  reasonable  to  conclude  that  our 
research  combustor  correctly  reproduced  the  IJ30  processes 
of  a  real  gas  turbine  combustor.  Also  plotted  in  this  figure 
are  results  for  a  gas  turbine  combustor  fitted  with  a  vaporizer 
tube  and  another  one  fitted  with  a  strongly  swirling 
picfihnmg  airblast  atomizer.  In  addition  to  their  different 
fuel  injection  pattc-ns,  these  two  combustors  had  completely 
different  flow  fields  (as  compared  to  the  combustor  of  Fig.  1 ) 
due  to  (heir  different  shapes,  method  of  fuel  introduction,  and 
liner  hole  patterns.  These  results  dearly  suggest  that  a 
simple  and  general  correlation  for  IJBO  is  not  possible. 
However,  as  will  be  shown  later,  direct  calculation  lor  each 
combustor  offers  the  onlv  possibility  of  making  rcliahle.  a 
priori  estimates  of  stability  in  gas  turbine  combustors. 

To  simulate  the  presence  of  dilution  air  jets,  we  investigated 
the  effects  of  back  pressure  on  the  LBO  in  our  research 
combustor.  These  results  are  discussed  n  detail  in  Ref.  |7 1;  a 
typical  result  is  presented  in  Fig.  fi.  As  seen  m  the  figure, 
LBO  was  improved  oy  increasing  the  exit  blockage. 
However,  we  found  that  (see  Ref.  7)  above  a  blockage  of 
45%,  (i)  significant  interference  occurs  between  the  outlet 
and  the  combustor  flame,  holding,  and  (ii)  LBO  dees  not 
improve  much.  Thus,  we  concluded  that  an  exit  blockage  of 
45  percent  provides  the  best  combustion  stability  and  optimal 
configuration  (i.c..  for  a  combustor  of  exit  blockage  =  45 
percent  and  L/D  =  4.9,  the  I.BOs  were  virtually  independent 
of  blockage  and  acoustic  coupling).  For  a  lightly  loaded 
combustor  (near  the  flammability  limits),  exit  blockage  exerts 
a  weak  influence  on  LBO.  primarily  through  its  effect  on  the 
jet  and  the  recirculation  zone  shear  layers.  For  high 
combustor  loadings  (near  the  perk  heat  release  rate),  exit 
blockage  had  a  strong  effect  on  he  LBO  via  the  dynamic 
behavior  if  the  How  in  the  near-lield  (especially  the 
interaction  of  the  central  recirculation  bubble  with  the  jet 
shear  layers)  and  of  the  jet  shear  layers  with  the  step 
recirculation  zone. 

5.  ANALYSIS 

Complete  calculation  of  stability  by  usir.g  the  CFD 
techniques  to  define  the  combustor  flow  field  locally  is  not  a 
viable  approach.  LBO  is  dominated  by  the  kinetics  of 
chemical  reaction,  therefore,  CFD  calculations  of  a  large 
number  of  chemical  reactions  would  be  required  to  yield  the 
correct  heat  release.  F’or  example,  for  hydrocarbon  fuels,  a 
gene  al  transport  equation  of  the  form, 

d/dXj  (  p  Uj  m,  Fcff  (i)  rn/dXj))  =  S[n  (4) 

where  i  denotes  chemical  species,  m,  is  the  mass  fraction  of  i, 
and  Sm  is  a  species  source  term,  would  have  to  oe  solved  for 
each  species.  The  computational  burden  of  doing  so  is 
presently  unacceptable  in  the  context  of  the  complicated  flow 
field  and  confining  boundaries  of  the  real  gas  turbine 
combustor.  Fherefore,  the  chemistry  was  uncoupled  from  the 
fluid  dynamics  and  analysis  of  LBO  was  addressed  at  three 
levels  of  increasing  difficulty: 


1.  characteristic  time  modeling  based  on  a 

phenomenological  apprauch,  with  CFD  providing  local 
flow  properties, 

2.  stirred  reactor  network  modeling  established  on  the 
basis  of  CFD  analysis  of  the  flow  field,  and 

3.  subgrid-level  stirred  reactor  modeling  using  reactor 
extinction  criteria  based  on  the  characteristic  time  model 
(1)  above. 


Fig.  8:  Influence  of  exit  blockage  on  LBO  at  low 
and  high  combustor-loadings. 


Characteristic  Time  Approach:  This  approach  is  based  on 
the  reaction-quench  model  which  assumes  that,  at  UK), 
flame  propagation  will  cease  when  the  rate  of  mixing 
between  small  turbulent  eddies  of  cold  reactants  and  hot 
products  is  greater  than  the  local  chemical  reaction  rate.  This 
quenching  criteria  finds  its  origin  in  the  work  of  I  nek  wood 
and  Megahcd  1 8 J  and  yields: 

l.5{l)  +  C|4K2/o,  e)/v|  1  +  Sl/(ev)°'25)>i.o  (5) 

where  1)  is  the  laminar  diffusion  coefficient,  K  ts  the  kinetic 
energy  of  turbulence,  E  is  the  dissipation  rate,  is  a 

constant.  Ot  is  the  turbulent  Schmidt  number,  and  S^  is  the 
laminar  flame  speed. 

Since  the  quenching  criterion  requires  turbulence  parameters 
for  evaluation,  isothermal  llow  CFD  calculations  were 
performed  to  provide  this  information  at  each  grid  node 
Quenching  was  examined  on  a  point-hy  point  basis  to 
ascertain  if  any  part  of  the  flow  field  could  support 
combustion.  Further,  two  additi  nal  conditions  were 
imposed;  (i)  local  lucl/air  ratio  must  be  within  the 
flammability  limits,  and  (ii)  local  mean  velocities  should  be 
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less  than  or  equal  to  turbulent  burning  velocity.  In  a 
somewhat  limited  evaluation.  Fq.  (5)  showed  promise  in  (he 
step  combustor  in  delineating  between  operating  conditions 
where  combustion  was  possible  and  where  it  was  not. 
liventunlly,  this  approach  provided  the  icsctor  extinction 
criteria  for  the  subgrid-lcvcl  stirred  reactor  modeling. 
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such  calculations  since  isnly  the  thcrmochemica!  limits  to 
combustion  can  be  determined. 

Subgrid  Scale  Reactor  Modeling:  The  eddy  dissipation 
concept  (UDC)of  Byggstoyl  and  Magnussrn  (11)  represents  a 
general  model  for  chemical  reaction  in  turbulent  flow.  In  the 
GDC  model,  the  reactants  are  homogeneously  mixed  within 
the  fine  structure  (Kolmogoroff  eddies)  of  turbulence: 
therefore,  these  fine  structures  ran  he  treated  as  PSPs,  If  the 
volume  and  the  mass  exchange  rate  between  the  reactors  and 
the  surrounding  fluid  arc  known,  chemical  reactions 
occurring  within  the  PSRs  can  be  calculated  using  a  system  of 
equations.  Since  the  Kolmogoroff  scale  is  always  le.ss  than 
the  ('I’D  grid  size,  the  modeling  represents  a  subgrid  ccale 
approach.  In  contrast  to  the  characteristic  time  analysis  and 
local  stirred  reactor  modeling,  this  approach  tests  the 
individual  reactor  stability  within  the  CFD  calculations. 
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Fig.  9:  A  typical  simulation  of  a  combustor 
primary  zone  using  the  PCR  network. 

Local  Stirred  Reactor  Modeling:  In  this  approach,  the 
combustor  volume  is  represented  by  an  equivalent  global 
stirred  reactor  network.  This  enables  the  calculation  of 
stability  from  thermo-chemistry  considerations.  We  applied 
Swithenhank's  |9J  dissipation  gradient  approach  for  defining 
PSR  regions  in  the  combustor.  Fig  9  shows  a  typical  reactor 
network  that  simulates  the  generic  combustor  primary  zone. 
To  establish  such  a  global  reactor  network,  considerable  and 
careful  post  processing  of  a  CFD  solution  for  the  gencric 
eombustor  was  performed,  flow  structures  were  identified 
by  visualization,  connectivity  and  local  mass  flow  rates  were 
assigned,  and  flow  topology  mapping  techniques,  e.g  ,  Ref. 
|1()|,  were  used.  Based  on  the  Swithenbank  approach  |9),  a 
rapid  mixing  region  of  the  combustor  was  established  from 
CFD  calculations,  litis  region  was  defined  as  the  volume- 
contained  within  a  surface  contour  containing  969!-  of  the 
turbulence  kinetic  energy  and  99 %  of  its  dissipation  rale,  and 
over  which  the  total  dissipation  gradient  was  not  less  than  ten 
'imes  the  minimum  value  recommended  by  Swithenbank. 
From  within  this  rapid-mixing  region,  a  PSR  volume  was 
defined  by  super-imposing  an  additional  space  encompassing 
fuel/air  mixtures  falling  inside  the  flammability  limits  for 
propane  and  air.  For  the  research  combustor,  the  resulting 
reactor  was  44%  of  the  combustor  volume  and  corresponded 
reasonably  well  to  the  lifted  flame  observed  in  the  real 
combustor.  As  shown  in  Ref.  |6],  good  agreement  was  found 
between  predictions  and  experiments  for  the  research 
combustor. 

Thus.  nctwoiks  of  stirred  reactors,  particularly  when 
established  from  CM)  calculations,  appear  to  offer 
possibilities  for  calculating  limiting  1130  performance. 
However,  care  may  be  needed  in  interpreting  the  results  of 


Use  of  full  or  even  reduced  chemical  kinetics  imposes  a  high 
cost  on  the  calculations.  Therefore,  an  alternative  approach 
was  to  assume  a  one-step,  irreversible  reaction  step  and/or 
fast  chemistry,  then  use  a  local  quenching  criterion.  Hie 
validity  of  the  calibrated,  global,  single-step  reaction 
mechanism  approach  was  tested  by  comparing  it  to  the  data 
of  Kretschmer  and  Odgcrs  [12)  and  Clarke  et  al.  (13).  Also, 
ar.  extinction  residence  lime  was  defined  as  Tex(  =  (p 
/m  )exl  where  m  is  the  total  inlet  mass  flow  rate  per  unit 
volume  of  the  reactor.  Thus,  when  Tgydro  ^  Text  rcactions 
occur,  the  hydrodynamic  residence  time  in  the  fine  scales  can 
be  related  to  the  bulk  fluid  through  the  mass  fraction  of  fine 
structures  present  in  the  flow.  This  characteristic  time 
approach  to  IJ30  within  the  FIX'  model  was  Implemented 
with  fast  chemistry  for  propane-air  combustion  and  tested  for 
un  attached  flame  at  fuel-rich  conditions. 

The  axisymmetric  CM)  calculations  were  made  using  the 
Pratt  and  Whitney  two-dimensional  PRF.ACH  code.  Three 
constraints  were  applied  on  the  chemical  reaction;  (i)  the 
FIX’  model  with  charac'cristic  time-based  extinction 
criterion  was  implemented,  (ii)  the  kx'dl  mixture  should  be 
within  flammability  limits  (le?n  $  =  0.2  or  0.5  depending 
upon  reactant  temperature  and  upper  to  2.0),  and  (iii) 
turbulence  effects  on  the  Oame  burning  velocity.  Mg.  10 
shows  typical  calculated  isotherms  for  what  should  be  me 
attached-flame  condition.  These  results  show  that  the 
stoichiometric  contour  crosses  the  step  recirculation  zone 
from  the  confluence  of  the  jets  and  reaches  the  combustor 
wall  about  halfway  between  the  step  ami  the  recirculation 
reattachment  plane.  We  can  infer  from  these  temperature 
contours  that  the  main  flame  exists  in  the  jet  shear  lavers  and 
originates  about  10  cm  from  the  step-plane  (i.e.,  it  is  lifted 
and  not  attached).  It  is  thick  and  follows  the  stoichiometric 
contour  across  the  recirculation  zone.  There  is  some 
agreement  between  the  characteristics  of  the  inferred  flame 
and  the  actual  flame  observed  in  the  time -mean  photographs 
and  in  the  near-instantaneous  pictures  of  laser- induced  OH 
fluorescence  where  concentrated  islands  of  reaction  in  the  jet 
shear  layer  thicken  the  flame  region.  However,  it  was  found 
that  this  model  calculated  the  liflcd-flame  condition  but  wxs 
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Fig,  10:  Isotherms  (curve  values  In  degrees  K) 
calculated  using  the  EOC  model  for  the  attached- 
'lame  conditions  In  a  reseat ch  combustor 


Fig.  11:  Schematic  diagram  Illustrating  the  design 
features  of  the  generic  gas  turbine  combustor. 

unsuccessful  in  predicting  the  all- important  attached-flame 
condition.  Summarizing: 

(a)  A  research  step  combustor  was  successfully  developed  It 
produced  three  important  features  of  the  flow  field  that  affect 
I, BO  in  a  practical  combustor;  (i)  a  reactive  shear  layer  at  the 
exit  to  the  fuel  nozzle,  (li)  inside-out  recirculation  zones,  and 
(tii)  back  pressure  provided  by  dilution  air  jets. 

(b)  The  step  combustor  acoustic  characteristics  were 
optimized;  this  permitted  its  operation  in  a  stable  and 


predictable  manner.  A  detailed  sequence  of  events  leading  to 
LBO  and  comprising  the  attached-flame  region,  lifted  shear 
flame,  intermittent  shear  flame,  and  the  large-scale  instability 
of  the  flame  front  was  observed. 

(c)  'l'he  combustor  flow-field  measurements  revealed  three 
regions:  near-field  siep-rccirculation,  and  far- field  regions. 
In  these  regions,  the  turbulent  fuel-air  mixing  and 
entrainment  were  governed  by  a  potential  core,  a  central 
recirculation  bubble,  and  a  self-similar  jet  development, 
respectively. 

(d)  The  LBO  process  ($  =  0.4  to  1.2)  in  the  step  combustor 
behaved  like  a  PSR  for  LP  values  in  the  range  of  0.  i  to  10O 
Ib/s-ft-'-atm^.  Also,  the  LBO  was  successfully  correlated 
with  a  standard  LP  derived  from  the  PSR  theory.  Finally, 
Swithenhank's  [9]  dissipation  gradient  approach  and  an  EDC 
model  (Ref.  1 1)  with  a  built-in  characteristic  extinction  time 
criterion  offer  the  possibility  of  an  a  priori  calculation  of 
LBO. 

6.  GENERIC  GAS  TURBINE  COMBUSTOR 
A  final  test  of  this  research  and  modeling  effort  is  to  be  able 
to  predict  IJ30  in  an  actual  gas  turbine  combustor.  To 
perform  such  a  test,  a  generic  gas  turbine  combustor  was 
designed  with  three  special  requirements;  (i)  its  LBO 
performance  should  be  consistent  with  that  of  an  actual  gas 
turbine  combustor,  (ii)  its  geometric  configuration  and  flow 
distribution  should  he  variable  so  that  the  effects  of  residence 
time  and  mixture  ratio  on  the  LBO  can  he  studied,  and  (iii) 
good  optical  access  should  lie  available  for  descending  the 
flow  field  and  combustion  zone. 

Fig.  1 1  shows  a  schematic  of  a  Pratt  and  Whitney  designed 
generic  combustor  which  is  a  four-injector,  planar-section, 
simplified  geometry  version  of  a  modem  Pratt  and  Whitney 
annular  combustor  sector.  This  sector  employs  airblast- 
atomizing  fuel  injectors,  an  engine-type  injector/domc 
interface,  and  the  "inside-ou:"  recirculation  zones.  The 
liners,  upper  and  lower,  are  removable  and  may  contain  any 
desired  pattern  of  air  ports.  The  metal  liners  do  not  have  any 
specific  internal  Film  cooling  but  are  provided  with  a  thermal- 
barrier  coating  and  are  convectively  cooled  by  the  shroud 
flows.  Ignition  is  accomplished  by  means  of  a  hydrogen  torch 
ignitor.  Individually  metered  air  is  supplied  to  the  dome  and 
upper  and  lower  shrouds,  provisions  arc  made  to  supply 
gaseous  nitrogen  for  subatmoshcric  pressure  simulation,  and, 
Finally,  fuel  can  be  either  propane  or  methane.  This 
combustor  is  designed  to  operate  at  65  psia  with  a  variation 
in  dome  air  from  10%  to  40%  of  the  total  combustor  air  flow. 
The  facility  in  which  the  combustor  is  installed  is  capable  of 
supplying  air  up  to  30  Ibs/sec  at  ambient  temperature  and 
fuels  up  to  30  !bs/hr.  Finally,  side  walls  made  of  fused 
quartz  and  contained  in  water-cooled  housings  are  provided 
for  flow  visualization.  Slurgess  and  Shouse  (14]  have 
provided  a  detailed  description  of  the  construction,  operation, 
and  LBO  tests  on  this  combustor. 

Fig.  12  illustrates  the  primary  zone  stability  (LBO)  of  the 
generic  combustor  with  lifted  and  attached  flames  against  the 
LBO  data  obtained  from  the  research  combustor  as  well  as 


the  nredietions  for  the  research  combustor,  'Hie  generic 
comber  tor  data  were  obtained  for  the  10%,  15%,  and  20% 
dome  flow.  Since  the  flames  near  blowout  in  the  research 
combu.itor  v.-erc  all  lifted,  the  partial  premixing  characteristic 
of  the  lifted  flames  in  both  combustors  should  be  similar. 
The  UK)  'lability  of  the  generic  combustor  at  peak  hrat 
release  rates  appears  to  be  less  man  that  of  the  research 
combustor.  Ur.e  likely  reason  m.-y  be  the  different  fuel-air 
mixing  rates  in  the  generic  combustor. 
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Fig.  12;  LBO  vs.  LP  data  for  the  generic  gas  turbine 
combustoi  operating  in  the  lifted-  and  attached' 
flame  modes  compared  with  data  for  the  research 
combustor. 

It  appears  that  the  gross  fcatuics  of  the  UK)  can  be 
successfully  correlated  by  the  combustor-loading  parameter 
based  on  the  PSP  approach  Air  a  specific  combustor. 
However,  a  simple  phenomenological  correlation  is  unlikely 
to  explain  the  details  of  the  LBO  process,  be, r  example,  the 
LBO  process  at  simulated  low  pressures  is  rather  comnlica'ed 
in  a  generic  combustor  It  contains  quasi-staging  of  fuel  as 
the  loading  increases  with  subsequent  flame  stabilization  by 
the  combustion  air  jets  as  well  as  the  primary  zone.  When  jet 
stabilization  exists,  UK)  is  insensitive  to  dome  airflow  and 
vice  versa.  Finally,  the  flame  changes  from  a  lifted  to  an 
attached  position  and,  at  a  given  loading,  either  flame  car 
exist  depending  on  how  combustor-loading  is  achieved.  Due 
to  such  complications,  correlations  of  experimental  data 
cannot  be  general  enough  to  form  a  unique  design  curve 
which  can  determine  the  UK)  stability  margin  of  a  practical 
gas  turbine  combustor.  Thus,  modeling  of  the  LBO  process, 
which  works  reasonably  well  with  the  research  combustor, 
will  he  seriously  challenged  by  the  blowout  behavior 
evidenced  in  the  generic  gas  turbine  combustor. 


7.  CONCLUSIONS 

Fi  t. owing  is  the  summary  and  conclusions  of  our  research. 

1.  A  geometrically  simple,  optically  accessible,  and 
acoustically  decoupled  research  combustor  to  reproduce 
the  gross  features  of  the  flow  Held  in  a  modem  annular 
gas  turbine  combustor  was  designed  and  its  I  BO  was 
measured. 

2.  We  successfully  observed  and  documented  a  systematic 
and  detailed  sequence  of  events  comprising  an  attached- 
flame,  lifted  shear  flame,  intermittent  shear  flame,  large- 
scale  instability  of  the  flam,  front,  and  the  LBO.  These 
individual  events  dearly  highlight  the  complexity  of  the 
UK)  mechanism. 

3.  Simple  phenomenological  correlation  based  on  PSR 
theory  was  successful.  The  LBO  process  ($  =  0.4  to  1 .2) 
ir.  the  research  combustor  behaved  like  a  PSR  for  LP 
values  in  the  range  of  0.1  to  100  Ib/s-ft^-atm^.  Also,  the 
UK)  was  successfully  correlated  with  a  standard  LP 
derived  from  die  PSR  dieory.  Finally,  Swithcnbank's  (9) 
dissipation  gradient  approach  and  an  LDC  model  (Ref. 
II)  with  a  built-in  characteristic  extinction  time 
criterion  offer  (he  possibility  of  an  a  priori  LBO 
calculation. 

4.  LBO  stability  at  peak  heat  release  rates  in  a  generic  gas 
turbine  combustor  was  less  than  in  the  research 
combustor.  Also,  the  flame  changes  from  a  lifted  to  an 
attached  position  and,  at  a  given  loading  cither  flame 
car.  exist  depending  on  how  combustor-loading  is 
achieved.  Due  to  such  complications,  it  was  noi  possible 
to  uniquely  determine  the  LBO  stability  margin  of  a 
practical  gas  turbine  combustor.  Thus,  modeling  of  the 
1J30  process,  which  works  reasonably  well  with  the 
research  combustor,  will  he  seriously  challenged  by  the 
blowout  behavior  evidenced  in  the  generic  gas  turbine 
combustor. 
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Discussion 


Question  1.  D.K.  Hennecke 

In  the  experiments,  you  did  not  simulate  the  cooling  films.  Don’t  you  think  that  they  would  influence  the  size  and  shape  of  the 
"inside  out”  vortex  as  the  films  flow  against  the  vortex  flow? 

Author’s  Reply 

The  influence  of  the  cooling  film  on  the  size  and  shape  of  the  “inside  out"  recirculation  zone  is  negligibly  small.  This  is  because  in 
modern  annular  combustors  the  cooling  air  film  is  pretty  much  confined  to  the  wail  boundary  layer.  Also,  the  mass  and 
momentum  of  the  “inside  out”  recirculation  zone  is  perhaps  two  orders  of  magnitude  (or  more)  greater  than  that  of  the  cooling 
film.  Therefore,  the  cooling  film,  at  best,  causes  only  a  minor  perturbation  of  the  “inside  out”  vortex  flow.  For  this  reason,  it  was 
not  considered  worthwhile  to  add  complexity  of  simulating  the  cooling  film  in  the  research  combustor  hardware. 
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SUMMARY 

Three  low  NOx  gas  turbine  combustor  design  concepts,  Jet 
Mix,  Grid  Mix  and  radial  swirlers,  which  have  been 
demonstrated  to  give  very  low  NOx  emissions  using  gaseous 
fuels  have  been  successfully  tested  on  liquid  fuels  and  low  NOx 
emissions  demonstrated.  The  Jet  Mix  design  was  shown  to  have 
low  NOx  emissions  at  atmospheric  pressure  and  has  been  tested 
at  pressure,  with  similar  low  NOx  results.  Kerosene 
performance  and  emissions  was  very  similar  to  that  for  propane 
as  the  fuel.  The  scale  up  of  the  Jet  Mix  was  found  to  be  possible 
without  increasing  the  NOx  emissions  greatly  and  is  a  preferable 
design  option  to  the  use  of  large  numbers  of  smaller  Jet  Mix 
modules.  Sector  tests  at  pressure  showed  the  Jet  Mix  design 
produced  emission  reductions  close  to  the  best  of  the  NASA 
clean  combustor  results.  The  Grid  Mix  low  NOx  design  was 
shown  to  be  capable  of  low  NOx  performance  using  kerosene. 
There  was  a  much  wider  flame  stability  than  for  the  Jet  Mix 
design  and  lower  NOx  emissions  were  demonstrated.  The  radial 
swirler  with  vane  passage  or  7Cmm  wall  fuel  injection  was 
shown  to  have  ultra  low  NOx  emissions  with  liquid  fuels,  only 
slightly  higher  than  for  gaseous  fuels.  For  a  high  air  flow  radial 
swirler  it  was  found  that  central  kerosene  injection  gave  lower 
NOx  emissions  than  for  gaseous  fuels  and  had  the  potential  to 
yield  a  NOx  El  of  below  10  at  simulated  take  off  conditions. 

1.  INTRODUCTION 

Aircraft  engines  are  relatively  small  contributors  »o  the  overall 
and  local  NO-  emissions  burdens  (1,2).  However,  NOx 
emissions  from  any  source  are  contributing  factors  in  the 
formation  of  photochemical  smog  and  of  acid  rain.  Thus,  the 
reduction  of  NOx  emissions  from  all  combustion  sources  is  of 
vital  importance  and  is  the  most  important  combustion  problem 
at  present  This  hes  led  to  a  renewed  interest  in  the  reduction  of 
NOx  emissions  from  aero-gas  turbine  engines.  Severe 
legislation  already  exist  for  reduced  NOx  emissions  from 
industrial  gas  turbines  foi  power  generation  use  and  combustor 
design  techniques  to  meet  these  regulations  have  been 
developed  (3-6)  This  work  considers  the  problems  of  the 
applications  of  some  of  the  industrial  gas  turbine  low  NOx 
combustor  designs  to  aero-engine  gas  turbine  combustors  using 
liquid  fuels  rather  than  natural  gas 

Environmental  impact  studies  indicate  that  NOx  emissions 
introduced  into  the  upper  troposphere  and  lower  stratosphere 
can  contribute  to  the  formation  of  ozone  at  these  altitudes  and 
that  the  resulting  ozone  can  be  a  contributing  factor  in  causing 
global  warming  (2,7)  Subronic  aircraft  typically  cruise  at  these 
altitudes  and  hence  a  reduction  in  NOx  at  cruise  conditions  is 
desirable,  although  at  present  not  a  legislated  requirement. 
Existing  NOx  regulations  for  aero-gas  turbines  are  concerned 


with  emissions  in  the  vicinity  of  airports  using  the  landing  and 
take  off  cycle  with  the  four  engine  operating  conditions  of  take¬ 
off,  climb,  appioach  and  idle  (8,9) 

Industrial  gas  turbines  have  been  developed  to  meet  severe  NOx 
emissions  legislation  in  many  countries  of  the  world.  The 
renewed  interest  in  aero  gas  turbine  NOx  emissions  (8)  with  the 
pressures  for  more  stringent  aero- engine  NOx  standards  will 
require  extensive  development  of  radically  different  complex 
aero-ei.gine  combustors  (9)  The  current  industrial  gas  turbine 
NOx  regulations  are  usually  met  by  using  water  or  steam 
injection.  However,  there  is  r  performance  and  capital  cost 
penalty  associated  with  these  reduction  techniques  and  the 
development  of  dry  low  NOx  combustor  designs  to  meet  NOx 
regulations  is  the  current  preferred  option  For  aero-gas 
turbines  the  use  of  water  or  steam  injection  is  not  a  design 
option  and  the  reduced  NOx  requirements  must  be  met  by 
combustor  redesign.  The  present  work  discusses  the 
fundamental  principles  of  ultra  low  NOx  combustor  designs  and 
presents  some  experimental  results  of  low  NOx  simulated 
primary  zone  designs  for  liquid  fuels,  with  comparison  with 
propane  to  represent  a  fully  vaporised  aviation  liquid  fuel  Both 
swirling  and  non-swirling  systems  of  direct  fuel  injection  into  jet 
shear  layers  were  investigated. 

Many  reduced  NOx  design  variants  of  conventional  gas  turbine 
combustors  have  been  attempted  by  research  groups  in  the 
USA,  UK,  Japan  and  Europe  (3,4,8,  10-13)  without  success.  In 
the  seventies  the  bulk  of  this  effort  was  directed  at  the  aero  gas 
turbine  (10-13),  where  the  operational  requirements  are  quite 
different  from  industrial  gas  turbines.  However,  in  recent  years 
there  has  been  much  more  attention  placed  on  the  development 
of  low  NOx  industrial  gas  turbines  (3-6,12,13).  The  only 
successful  applications  of  industrial  low  NOx  combustor 
designs  have  been  in  very  large  industrial  gas  Virbines  using  air 
staging  (12)  or  fuel  staging  (13)  tor  enhanced  stability,  with 
premixed  combustion  at  high  power  conditions.  However,  these 
concepts  are  difficult  to  apply  to  the  type  of  gas  turbine 
combustors  typical  of  aero  gas  turbines  or  their  industrial 
derivatives.  An  example  of  this  is  the  complete  redesign  of  the 
RR  RB211  industrial  gas  turbine  combustor,  including  a  new 
outer  pressure  casing  to  accommodate  reverse  flow  combustor 
cans.  This  type  of  design  change  is  not  an  option  for  aero  gas 
turbines. 

With  industrial  gas  turbines  there  is  a  requirement  for  natural 
gas  and  liquid  fuel  dual  firing.  At  present,  and  for  many  years 
hence,  natural  gas  is  and  will  be  the  prime  specified  fuel  for 
industrial  gas  turbin  es.  This  conside.  ably  eases  the  problems  of 
NOx  reduction  as  natural  gas  has  lowc;  NOx  emissions  than 
higher  hydrocarbon  fuels  at  the  same  flame  operating  conditions 
(14).  However,  any  proposed  design  also  has  to  be  capable  of 
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operating  on  liquid  fUels  as  well,  and  with  the  lowest  possible 
NOx  emissions  Thus  there  is  no  reason  why  the  concepts  used 
for  low  NOx  in  industrial  gas  turbines  cannot  be  applied  to 
liquid  Celled  aero-designs 

Although  the  general  design  principles  for  ultra  low  NOx  are 
known,  very  lean  primary  zones  and  good  fltel  and  air  mixing, 
methods  for  successfully  achieving  these  aims  have  yet  to  be 
established  for  liquid  fuels,  that  do  not  compromise  the  stability 
requirements  of  gas  turbine  combustors  All  available  evidence, 
including  that  for  premixed  systems  (15),  indicates  that 
measured  NOx  emission,'  are  higher  than  expected  from  the 
conventions1  thermal  Zeldovich  NOx  generation  mechanism. 
Thermal  NOx  generation  is  negligible  below  1800K  and  yet 
premixed  combustion  systems  have  significant  NOx  emissions 
below  this  temperature  (6)  The  origins  of  NOx  emissions  at 
mean  flame  tempentures  below  1800K  are  not  fully 
understood,  but  may  possibly  be  genera’ed  by  a  prompt  NOx 
mechanism 

Lean  prcir.ixcd  combustion  systems  do  not  generate  ultra  low 
NOx  emissions  as  their  region  of  low  NOx  operation  is  too 
close  to  the  weak  extinction  or  inefficient  combustion  limit. 
With  an  adequate  stability  margin  the  NOx  emissions  for 
premixed  combustion  are  not  ul'ra  low,  as  shown  below.  In  the 
present  work  shear  layer  stabilised  flames  are  investigated  with 
direct  fuel  injection  into  the  jet  shear  layers.  These  shear  layers 
can  be  generated  either  from  swirling  jets  or  from  plain  jets.  The 
crucial  design  feature  is  the  individual  fuel  supply  to  each  shear 
layer  The  jet  shear  layers  with  liquid  fuels  provide  good  air 
blast  atomisation  and  simultaneous  fuel  and  a:r  mixing. 
However,  at  the  base  of  each  shear  layer  there  is  a  local  rich 
zone  that  stabilises  the  flames  outside  the  stability  limits  of 
premixed  combustion  The  additional  stability  of  directly  fuelled 
jet  shear  layer  combustion  systems  allow  leaner  mixtures  to  be 
burned  and  ultra-low  NOx  emissions  to  be  generated. 

A  major  problem  with  lean  well  mixed  primary  zones  is  the  wall 
film  cooling  air  This,  when  mixed  with  the  lean  combustion, 
can  lead  to  local  gas  phase  quenching  and  resultant  increases  in 
CO  and  UHC  emissions  N02  formation  in  the  low  temperature 
mixing  region  may  also  be  a  problem.  Low  NOx  emissions  have 
to  be  met  v  th  very  low  CO  and  UHC  emissions  and  the 
increase  in  JO  and  UHC  due  to  the  film  cooling  air  is  a  current 
p  iblem  with  lean  low  NOx  combustors.  A  technique  that  the 
authors  have  devc  loped  to  overcome  this  problem  with  lean  low 
NOx  combustors  is  to  eliminate  the  film  cooling  air  and  use 
external  cooling  of  the  flame  tube  using  low  pressure  loss  full 
coverage  impingement  cooling  (16,17),  as  shown  schematically 
in  Fig.  1 

2.  PRINCIPLES  OF  JET  SHEAR  LAYERS  FOR  FLAME 
STABILISATION  AND  RAPID  FUEL  AND  AIR 
MIXING. 

The  authors  have  enveloped  an  approach  to  the  design  of  low 
NOx  gas  turbine  combustors  based  on  the  injection  of  fuel  at 
th'i  base  of  swirling  or  non-swirling  jet  shear  layers  The 
primary  zone  designs  have  also  been  ;howr,  to  have  applications 
to  low  NOx  process  burners  (lb).  In  this  paper  three  quite 
different  shear  layer  combustion  systems,  that  have 
demonstrated  Ion  NGx  emissions  with  gaseous  fuels  are  used 
with  liquid  fuels  The  three  systems  are  Jet  Mix,  Grid  Mix  and 
radial  swirlcrs  with  swirler  outlet  plane  peripiieiy  fuel  injection. 


2.1  Jet  Ml* 

The  Jet  Mix  design  is  shown  in  Fig  2,  it  uses  a  ring  of  radial 
<\iel  and  air  jets  impinging  into  a  similar  number  of  larger  air 
jets  This  configuration  has  been  shown  to  give  extremely  rapid 
mixing  Fuel  and  air  were  shown  to  be  well  mixed,  to  within 
20%  of  the  mean  mixture,  with  less  than  20%  turbulent 
fluctuations  of  the  local  mixture  ratio,  within  six  axial  hole 
diameters  (20)  This  is  very  rapid  mixing,  within  the  potential 
core  length  of  an  axial  free  jet.  It  has  been  shown  to  give  very 
low  NOx  emissions  for  gaseous  fuels  (14).  The  high  velocity  air 
jets  in  the  radial  and  axial  jets  give  very  good  air  assist 
atomisation  (21),  which  has  been  shown  to  be  better  than  most 
other  published  drop  size  data  for  the  same  pressure  loss  Thus 
the  use  of  this  design  with  liquid  fuels  should  result  in  rapid  fuel 
atomisation  and  vaporisation,  with  a  resultant  performance 
close  to  that  of  a  gaseous  fuel.  It  was  the  objective  of  the 
present  work  to  demonstrate  this  by  comparison  of  the 
emissions  results  for  kerosene  and  propane. 

This  Jet  Mix  design  was  originally  developed  whilst  one  of  the 
authors  (GEA)  worked  at  the  AIT  combustion  laboratories 
(formeily  Lucas  Aerospace)  A  muiti-fuel  injector  system  was 
developed  that  demonstrated  lower  NOx  emissions  at  pressure 
for  kerosene  than  any  other  low  NOx  system  under 
investigation  at  the  time  A  version  of  this  design  is  currently 
commercially  available  and  is  being  developed  for 
Westinghouse  (22),  EGT  (23)  and  others  At  Leeds  this  system 
(14-16)  has  been  investigated  in  terms  of  its  potential  to  be 
scaled  in  size  and  hence  to  use  fewer  fuel  injection  points 
However,  the  results  (14)  indicated  an  increase  in  NOx 
emissions  as  the  recirculation  zone  size  downstream  of  the 
central  blockage  is  increased.  For  the  lowest  NOx  emissions  a 
large  >.umber  of  small  Jet  Mix  fuel  and  air  mixing  modules  is 
required  (22,23)  This  has  problems  of  fuel  supply  to  the  large 
number  of  injectors,  w  hich  is  worse  for  liquid  fuels 

This  Jet  Mix  design  will  be  investigated  at  atmospheric  pressure 
in  a  single  Jet  Mix  system  in  76  and  140mm  combustor  sizes,  so 
that  the  influence  of  scale  up  of  a  single  Jet  Mix  injector  on 
NOx  emissions  for  kerosene  can  be  determined.  These  results 
will  be  compared  with  results  at  7  bar  pressure  for  seven  smaller 
Jet  Mix  in  a  Spey  size  combustor  using  kerosene.  Applications 
of  the  systems  to  an  annular  combustor  are  also  discussed  and 
the  results  compared  with  the  best  systems  in  the  NASA  Clean 
Combustor  programme 

2.2  Grid  Mix 

The  aim  of  direct  fuel  injection  into  the  base  of  jet  shear  layers 
is  to  mix  the  fuel  and  air  as  the  jet  develops.  Ideally  the  only 
fuel  rich  zones  would  be  at  the  base  of  the  sh  r  layer  and  by 
the  end  of  the  potential  core  region,  where  turbulence  is  at  a 
maximum,  mixing  should  be  nearly  complete  For  a  single  jet 
shear  layer  >n  a  76mm  combustor  size  a  2-4%  design  pressure 
loss  results  in  a  relatively  large  hole  size  8t  the  gas  turbine 
combustor  reference  primary  zone  Mach  number  in  the  0.03  - 
0  05  range  The  potential  core  would  be  20  the  minimum 
combustor  length  of  3  3 Omni  To  achieve  a  shorter  jet  shear 
layer  region  multi-hole  flame  stabilisers  may  be  used  (23,24) 
with  individual  fuel  feeds  to  each  jet. 

The  NOx  emissions  and  combustion  efficiency  have  :  een  shown 
to  (re  linked  to  the  pressure  loss  which  controls  the  turbulent 
mixing  of  fuel  and  air  and  the  velocity  gradients  in  the  shear 
layer  (25,26)  This  system  has  been  shown  by  the  applicant  to 
be  capable  of  ultra  low  NOx  emissions  (23-25)  for  gaseous 


fuels  and  the  potential  of  this  system  to  achieve  low  NOx  with 
liquid  fuels  is  investigated  in  the  present  work.  The  lowest  NO* 
configuration  found  in  the  work  on  gaseous  fitel,  shown  in  Fig 
l,  was  investigated  The  gaseous  design  was  simply  made  again 
with  smaller  radial  fuel  holes  of  0  5mm,  using  four  fijol  injection 
holes  for  each  air  jet  shear  layer  The  high  velocity  air  jet  would 
atomise  the  liquid  fuel,  by  the  same  process  as  for  the  Jet  Mix 
design  (2 1 ). 

2,3  Radial  Swirlers 

Previous  work  of  the  authors  with  radial  swirlers  has 
demonstrated  for  gaseous  fuels  some  of  the  lowest  NOx 
emissions  ever  published  for  gas  turbine  applications 
(5,6,27,28).  The  NOx  emissions  were  strongly  dependent  on 
the  method  of  fuel  irjection  into  the  radial  swirler  (5,27,28)  and 
central  radially  outward,  injection  into  the  radial  vane  passages 
and  swirler  peripheiy  radially  inward  fuel  injection  are 
investigated  in  the  present  work.  The  different  methods  of  fuel 
injection  are  shown  in  Fig  4  Swirling  jets  have  the  advantage 
over  simple  non-swirling  jets  in  that  the  swirl  induces  a  much 
more  rapid  jet  spread  and  hence  a  shorter  outer  shear  layer. 
Thus  a  single  swirler  can  be  used  within  a  330mm  length 
without  the  need  for  multifuel  injection  points. 

A  disadvantage  of  single  swirler  s  is  that  if  a  large  proportion  of 
the  combustion  air  is  passed  through  the  swirler  then  a  strong 
swirling  flow  may  still  be  present  at  the  turbine  inlet,  which  may 
not  be  desirable  For  annular  combustors  this  can  be  overcome 
using  alternate  clockwise  and  anti-clockwise  swirl  (29). 

3.  EXPERIMENTAL  TECHNIQUES 

An  atmospheric  pressure  combustion  facility  was  used  with 
electrical  preheat  of  the  combustion  air  to  compressor  outlet 
temperatures  Tliis  permits  full  airflow  simulation  of  a  practical 
can  size  combustors  The  correct  Mach  numbers  of  gas  turbine 
combustors  were  simulated  together  with  combustor  pressure 
losses  in  the  practical  2-4%  range  and  sir  inlet  temperatures  in 
the  range  400-740K  The  proportion  of  air  simulated  in  the 
combustor  primary  zone  was  set  by  the  operating  reference 
Mach  number,  based  on  the  combustor  diameter  For  all  the 
combustion  air  a  reference  Mach  number  of  0.05  was  used, 
which  is  typical  of  current  gas  turbines.  A  Mach  number  of  0.03 
represents  a  60%  simulated  proportion  of  air  into  the  primary 
zone,  this  will  be  used  as  the  main  comparison  condition  for  the 
various  geometries. 

Two  main  combust. >r  sizes  were  used,  7o  and  140mm  diameter 
combustors.  TFc  former  is  a  representative  size  for  testing 
single  burners  for  annular  combustors  or  for  testing  single 
burners  from  a  iarger  array  of  burners,  of  the  type  used  in  large 
industrial  low  NOx  combustors  (4).  The  140mm  combustor  is 
similar  to  the  Rolls-Royce  Spey,  Tay  combustors  as  well  as  a 
number  of  other  gas  turbine  combustors  in  this  power  rang-* 

For  comparison  with  the  atmospheric  pressure  testing  the  Jet 
Mix  design  was  also  tested  at  pressure  at  the  AIT  Laboratories 
in  Burnley  This  had  a  clean  air  preheat  system  and  both  can  and 
annular  combustor  sector  configurations  were  used  A  mean 
exhaust  plane  traverse  was  carried  out  to  determine  the  exhaust 
emissions  distribution,  bur  this  was  shown  to  agree  quite  weli 
with  the  mean  gas  analysis  from  an  EPA  multi-hole  gas 
sampling  probe  well  downstream  of  the  exhaust  wer  e  the  gases 
were  well  mixed.  This  mean  sample  was  used  in  some  of  the 
work  were  the  air/fuei  was  varied  over  a  wide  range. 


4.  ATMOSPHERIC  PRESSURE  TESTING 

Atmospheric  pressure  testing  is  much  cheaper  and  quicker  than 
full  pressure  testing.  Atmospheric  pressure  testing  of  gas 
turbine  combustors  is  often  criticised  as  unrealistic  due  to  the 
high  pressure  operation  of  gas  turbines  (10-16  bar  typically  for 
industrial  gas  turbine  and  up  to  40  bar  for  aero  gas  turbines  at 
take  off)  However,  most  essential  features  of  the  combustion 
are  not  pressure  dependent  In  particular  the  combustor 
percentage  pressure  loss,  turbulence  intensity,  gaseous  fuel  and 
air  mixing  intensity,  mean  residence  time,  mean  reference 
velocity,  jet  mixing  shear  layer  aerodynamics  and  the  global 
combustor  aerodynamics  are  all  not  dependent  on  the  pressure. 

Provided  that  the  value  of  these  parameters  that  apply  for  high 
piessure  operation  are  simulated  at  atmospheric  pressure,  as  is 
the  case  in  the  present  work,  then  the  atmospheric  combustion 
tests  will  correctly  simulate  the  combustion  aerodynamics  at 
pressure  Atmospheric  pressure  investigations  of  gas  turbine 
combustor  aerodynamics  and  pressure  loss  have  been  in  use  in 
the  gas  turbine  industry  for  50  years. 

The  most  important  effect  of  pressure  on  combustion  is  the 
associated  increase  in  inlet  temperature  that  occurs  as  the 
compressor  pressure  ratio  is  increased.  It  is  essential  that  the 
correct  inlet  temperature  is  simulated  at  atmospheric  pressure 
using  a  clean  air  preheat  system,  as  in  the  present  work.  Inlet 
temperature  has  a  very  strong  influence  on  flame  stability,  flame 
length,  combustion  efficiency  and  all  pollution  parameters  and 
this  is  much  greater  than  any  influence  of  pressure  on 
combustion. 

Pressure  may  influence  combustion  performance  in  several 
ways.  It  may  change  the  overall  flame  stability  limits  due  to  the 
well  known  widening  of  flammability  limits  with  pressuie. 
However,  tests  at  atmospheric  will  be  conservative  in  terms  of  a 
low  NOx  design.  If  pressure  did  improve  the  stability  then  it 
would  be  possible  either  to  reduce  the  NOx  emissions  at 
pressure  by  operating  with  a  leaner  primary  zone  or  to  increase 
the  stability  margin  by  operating  at  the  same  lean  equivalence 
ratio  at  pressure  as  at  atmospheric  pressure.  It  is  this  latter 
approach  that  is  adopted  in  the  present  work  and  no  change  in 
the  primary  zone  equivalence  ratio  is  envisaged  at  pressure. 

Pressure  may  also  change  the  position  of  flame  stabilisation 
within  a  combustor  However,  if  the  flame  is  stabilised  close  to 
the  head  of  the  combustor  at  atmospheric  pressure  then 
piessure  cannot  change  the  flame  position  This  was  determined 
in  the  present  work  using  measurements  of  the  wall  temperature 
profile  and  by  visual  observation  through  an  air  cooled 
observation  window  on  the  combustor  centreline.  For  aJI  flame 
stabilisers  under  investigation  it  was  ensured 
that  all  the  designs  investigated  operated  with  an  attached  flame 
in  the  head  region 

Liquid  fuels  are  more  sensitive  to  pressure  effects  as 
atomisation  and  vaporisation  processes  are  pressure  uependent. 
However,  the  authors  have  shown  that  air  blast  atomisation  in 
lar  ge  air  flow  jet  shear  layers  is  extremely  good  and  better  than 
most  conven'ional  arr  blast  atomisers  using  small  proportions  of 
the  airflow  (21)  The  authors  h»ve  shown  that  at  atmospheric 
pressure  very  high  combustion  efficiencies  (99.9%)  can  be 
achieved  with  various  swirling  and  non-swirling  jet  shear  layer 
fuelled  designs  (5.6,25,26,28).  In  these  circumstances  pressure 
can  have  no  significant  influence  on  the  combustion  efficiency. 
It  is  these  types  of  high  combustion  efficiency  designs  that  are 
the  subject  of  the  present  work  and  pressure  is  unlikely  to  have 
any  significant  influence  on  the  combustor  performance. 
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Pressure  does  hsve  s  significant  influence  on  CO  and  NOx 
emissions  CO  emissions  are  decreased  with  pressure  and 
existing  equations  for  global  CO  oxidation  may  be  used  to 
predict  this  effect  However,  current  emission  regulations  for 
industrial  gas  turbines  specify  that  lOppm  CO  at  15%  oxygen  is 
achieved  at  pressure  The  present  type  of  shear  layer  designs 
have  demonstrated  with  gaseous  fuels  10-20ppm  CO  at 
atmospheric  pressure  and  hence  it  ctn  be  assumed  that  at 
pressure  there  should  be  no  problem  in  meeting  a  lOppm  CO 
target  This  work  will  investigate  any  deterioration  in  the  CO 
emissions  with  liquid  fuels. 

NOx  emissions  increase  with  pressure.  This  is  mainly  due  to  the 
action  of  pressure  on  the  thermal  NOx  kinetics  and  ctn  be 
shown  from  thermal  NOx  kinetics  to  be  a  square  root  pressure 
effect  Many  experimental  investigations  of  the  pressure  effect 
on  NOx  have  confirmed  that  a  square  root  pressure  dependence 
of  NOx  is  reasonable,  although  there  is  some  combustor  to 
combustor  variation.  The  increase  in  NOx  with  pressure  can  be 
used  to  scale  down  NOx  regulations  to  I  bar  The  EPA  75ppm 
NOx  emission  regulation  at  15%  oxygen  scales  to  20-24pptn 
for  engine  pressures  from  10-15  bar  A  more  stringent  Dutch 
NOx  regulation  is  40ppm  at  16  bar  which  scales  to  lOppm  at  1 
bar  Some  California  regulations  are  requiring  lOppm  NOx  at 
pressure,  requiring  2  5ppm  at  atmospheric  pressure.  It  is  the 
aim  of  the  present  work  to  investigated  the  process  of  NOx 
formation  in  jet  shear  layer  designs  that  can  achieve  inside  the 
lOppm  target  (2  5ppm  at  I  bar  for  natural  gas  at  atmospheric 
pressure) 

For  aero  engine  applications  NOx  emissions  are  usually  given  as 
an  emission  index  (El,  g  NOx/kg  fuel).  A  typical  take  off  NOx 
El  for  a  modem  civil  jet  engine  (30,31)  is  35  at  33  bar  This 
would  result  in  a  NOx  El  of  6  at  1  bar  and  if  a  50%  reduction 
was  required  than  NOx  El  below  3  at  1  bar  needs  to  be 
demonstrated  A  NOx  El  below  1  at  I  bar  is  the  design  aim  of 
the  present  work  However,  results  at  one  bar  in  the  range  1-3 
El  will  represent  low  NOx  emissions  for  liquid  fuels  It  may  be 
shown  that  this  is  equivalent  to  a  NOx  corrected  to  15% 
oxygen  of  10-30  ppm  at  1  bar  Some  of  the  results  will  be 
reported  as  NOx  corrected  to  15%  oxygen  and  the  above 
conversion  factor  between  the  two  units  will  be  used 

5.  JET  MIX  RESULTS  FOR  IN  LINE  RADIAL  AND 
AXIAL  JETS 

5.1  76mm  Combustor  Results  for  20%  Radial  Air  and  2% 
Pressure  loss. 

The  initial  Jet  Mix  results  wire  obtained  using  a  single  injector 
with  eight  holes  and  radial  and  axial  holes  in  line.  For  20%  of 
the  total  air  through  the  radial  holes  and  for  the  radial  and  axial 
jets  in  line,  which  was  the  lowest  NOx  configuration,  the  NOx 
results  are  shown  in  Fig  5  for  the  76mm  diameter  combustor 
This  compares  the  premixed  results  for  the  same  Jet  Mix 
stabiliser  with  those  for  propane  and  kerosene  injection.  Ail  the 
results  were  for  an  inlet  temperature  of  600K,  a  pressure  loss  of 
2%  and  a  Mach  number  of  0.047,  based  on  the  combustor 
diameter  and  the  inlet  temperature,  this  simulates  all  of  the 
combustion  air  passing  through  the  Jet  Mix  stabiliser  with  no 
dilution  or  film  cooling  air  NOx  emissions  of  the  order  of 
20ppm  corrected  to  15%  oxygen  or  2EI  were  achieved  for 
kerosene,  which  is  within  the  desired  NOx  reduction  range  The 
kerosene  results  were  lower  than  for  propane  but  higher  than 
for  premixed  fuel  and  air  The  atomisation  and  vaporisation 
deUy  for  kerosene  was  considered  to  permit  more  fuel  and  air 
mixing  to  take  place  prior  to  combustion  and  hence  to  reduce 


the  NOx  emissions  due  to  local  near  stoichiometric  burning.  An 
equivalence  ratio  of  0  6  was  required  for  kerosene  to  achieve 
the  lowest  NOx  emissions,  compared  with  0.5  or  lower  for 
propane  There  was  no  evidence  of  single  droplet  local 
stoichiometric  zone  burning,  which  would  have  increased  the 
NOx  emissions. 

An  interesting  feature  of  these  results,  which  has  been  found  in 
the  other  low  NOx  emissions  designs  discussed  below,  is  that 
the  N02  emissions  increased  as  the  NOx  emissions  were 
reduced,  as  shown  in  Fig.  6.  This  shows  that  kerosene 
combustion  produced  more  N02  than  propane  combustion.  The 
main  route  for  the  generation  of  N02  is  the  reaction  between 
the  H02  radical  flame  the  reaction  zone  with  NO  to  form  N02, 
which  is  a  fast  reaction  at  low  temperatures.  It  is  the  reduction 
in  temperature  as  the  mixture  is  made  leaner  that  promotes  the 
conversion  of  NO  to  N02, 

5.2  76mm  Combustor  with  !1%  Radial  Air  and  4% 
Pressure  Loss 

The  results  also  showed  that  the  combustion  efficiency  at  600K 
inlet  temperature  was  only  98%.  To  overcome  this  problem  the 
proportion  of  radial  jet  air  was  reduced  to  1 1%,  for  the  same 
total  air  flow  area  and  the  pressure  loss  was  increased  from  2% 
to  4%,  to  improve  the  kerosene  atomisation  and  to  increase  the 
fuel  and  air  mixing  rates.  The  radial  and  axial  jets  were  kept  in 
the  lowest  NOx  configuration  with  in  line  jets.  The  reduced 
radial  jet  air  was  invest.gated  as  the  stability  of  the  20%  of  total 
airflow  radial  jet  system  was  poor  with  kerosene  at  an 
equivalence  ratio  of  0  54  The  results  of  the  new  Jet  Mix  design 
at  the  same  0  047  Mach  number  are  shown  in  rigs  7  and  8  The 
desired  improvement  in  the  combustion  efficiency  was  achieved, 
with  a  99.7%  efficiency  as  shown  in  Fig.  7 

The  NOx  and  the  combustion  efficiency  results  were  similar  to 
those  for  propane,  indicating  that  the  kerosene  was  vaporised 
and  mixed  with  combustion  air  in  a  similar  way  to  propane. 
However,  the  higher  pressure  loss  resulted  in  better  atomisation 
due  to  the  higher  air  jet  velocities  (21)  this  reduced  the 
vaporisation  period  and  brought  the  performance  with  kerosene 
closer  to  that  with  propane,  compared  with  the  results  for  a  2% 
pressure  loss  However,  the  NOx  emissions  were  still  lower 
than  for  propane,  indicating  some  mixing  prior  to  combustion 
during  the  vaporisation  delay  period  The  stability  of  the  new 
Jet  Mix  design  was  much  better  than  the  0  54  weak  extinction 
of  the  2%  pressure  loss  20%  radial  air  flow  design,  as  sho’vn  in 
Figs  7  and  8,  where  efficient  combustion  was  achieved  at 
equivalence  ratios  as  lean  as  0  35  with  kerosene  The  leaner 
combustion  allowed  lower  NOx  emissions  to  be  uemonstrated, 
with  stable  efficient  combustion  with  kerosene  with  NOx 
emissions  corrected  to  15%  oxygen  as  low  as  12  ppm  These 
results  indicate  that  NOx  emissions  of  1-2EI  at  1  bar  may  be 
achieved  with  kerosene 

The  main  difference  between  the  results  in  Figs  5  and  8  was  the 
equivalence  ratio  at  which  the  minimum  NOx  emissions  was 
achieved  For  the  same  20ppm  NOx  emissions  corrected  to 
15%  oxygen  the  2%  pressure  loss  20%  radial  flow  design 
requires  an  equivalence  ratio  of  0  6  compared  with  0  45  for  the 
4%  pressure  loss  1 1%  radial  air  jet  design  This  would  require 
quite  a  different  air  flow  arrangement  in  a  practical  combustor 
Both  designs  have  minimum  NOx  at  an  equivalence  ratio  richer 
than  the  overall  equivalence  ratio  at  maximum  power  Hence, 
the  use  of  a  0  017  Mach  number  as  the  test  condition  is 
inappropriate  as  a  reduced  air  flow  would  be  required  to 
achieve  the  desired  Jet  Mix  primary  zone  equivalence  ratio  at  a 


’■<•5 


leaner  overall  mixture.  Tliii  would  remit  in  a  lower  Macn 
number  as  the  primary  zone  condition. 

A  typical  high  power  overall  equivalence  ratio  is  0.3  and  this 
would  require  S0%  of  the  air  flow  to  a  Jet  Mix  primary  zone  to 
achieve  0.6  equivalence  ratio  and  67*/«  to  achieve  0.45, 
corresponding  to  primary  zone  Mach  number  of  0.023  and 
0  031  respectively.  Reducing  the  primary  zone  Mach  number 
for  the  same  pressure  loss  will  improve  the  combustion 
efficiency  and  has  been  shown  to  have  no  adverse  effect  on 
NOx  emissions  (6,14,16).  These  lower  Mach  number  were  also 
used  in  the  scale  up  to  140mm  combustor  diameter  size  of  the 
single  Jet  Mix  design,  discussed  below 

5.5  Influence  of  the  Proportion  of  Radial  Jet  Airflow 

A  significant  influence  on  the  difference  in  the  above  two  Jet 
Mix  designs  was  the  proportion  of  the  radial  jet  air  flow.  The 
proportion  of  the  radial  jet  airflow  influences  the  extent  of  initial 
fuel  and  air  mixing  and  limits  the  extent  of  local  rich  zones  The 
variation  of  the  minimum  NOx  emissions  with  the  proportion  of 
the  radial  flow  air  for  the  76mm  combustor  is  shown  in  Fig.  9 
for  the  minimum  NOx  equivalence  ratio  of  0.4  and  an  inlet 
temperature  of  600K  and  0  047  Mach  number  The  kerosene 
and  propane  results  were  similar,  but  the  kerosene  combustion 
was  not  stable  for  radial  jet  proportions  of  20%  or  higher 
However,  by  delaying  the  fuel  and  air  mixing,  using  offset  radial 
and  axial  air  jets,  the  stability  could  be  increased  and  higher 
radial  jet  proportions  used  (16)  The  disadvantage  of  this  was 
the  large  increase  in  NOx  emissions  caused  by  the  rich  radial  jet 
burning  (14,16)  and  this  ofTset  jet  design  was  not  used  in  the 
present  work  Fig  9  shows  that  the  Jet  Mix  design  with  a  mean 
equivalence  ratio  of  0.4  could  achieve  a  NOx  El  of  1  g/kg  at 
one  bar,  equivalent  to  an  El  of  6  at  36  bar  using  a  square  root 
pressure  dependence 

Figure  9  also  compares  the  present  results  with  those  carried 
out  on  a  7  Jet  Mix  configuration  in  a  RR  Spey  sized  combustor 
(32)  These  results  were  obtained  by  one  of  the  authors  (GEA) 
at  the  AIT  laboratories.  The  results  at  5.9  bar  have  been 
reduced  to  atmospheric  pressure  conditions  using  both  a  square 
root  and  a  0  65  pressure  exponent  correction.  The  0.65 
pressure  exponent  was  determined  experimentally  on  the  7  Jet 
Mix  array  in  a  Spey  can  pressure  casing  The  agreement  with 
the  propane  results  identifying  20-30%  radial  flow  proportion 
as  the  optimum  was  good  However,  the  NOx  emissions  based 
on  the  measured  0.65  pressure  exponent  were  much  higher  than 
for  the  present  propane  or  kerosene  results,  for  radial  jet 
proportions  from  7%  to  30%.  This  may  have  been  due  to  the 
large  number,  42,  of  fuel  injection  holes  and  the  difficulty  of 
manufacturing  them  of  precisely  equal  size  Also  there  was  a 
practical  lower  fuel  jet  size  of  approximately  0  5mm  below 
which  fuel  hole  blockage  could  become  a  problem.  Ideally  it 
was  considered  that  for  adequate  fuel  distribution  between  42 
holes  a  hole  jet  size  of  0.25mm  would  be  required,  these  are 
now  routinely  used  in  diesel  engine  fuel  injectors  and  should  be 
feasible  in  any  engine  applications  of  these  designs.  This 
problem  of  oversized  and  unequal  fuel  holes  may  have  resulted 
in  a  worse  fuel  distribution  than  in  the  present  work  and  hence 
to  higher  NOx  emissions 

5.4  Large  Scale  Single  Jet  Mix  Designs 

The  problem  of  the  large  number  of  fuel  injection  holes  in  multi- 
arrays  of  smaller  Jet  Mix  stabiliser  s  could  be  overcome  if  a 
single  Jet  Mix  stabiliser  could  be  increased  in  size  to  be 
equivalent  to  that  of  the  7  stabilisers  in  the  Spey  sized 


combustor  This  w. .  investigated  in  a  140mm  diameter  pipe 
combustor,  of  similar  size  to  the  Spey  combustor  T  he  Jet  Mix 
design  used  in  line  radial  and  axial  jets,  but  placed  the  axial  jets 
midway  between  the  radial  jets  outer  and  the  outer  diameter  of 
the  combustor  This  produced  a  relatively  larger  distance 
between  the  radial  jet  outlet  and  the  axial  jet,  in  an  attempt  to 
increase  the  radial  jet  burning  and  to  give  an  improved  flame 
stability,  by  delaying  the  radial  and  axial  jet  mixing  A  Mach 
number  of  0  028  was  used,  to  be  closer  to  the  actual  primary 
zone  air  flow  residence  times  at  the  low  NOx  primary  zone 
conditions,  as  discussed  above.  The  design  pressure  loss  was 
4%. 

A  comparison  between  the  propane,  kerosene  and  gas  oil  results 
is  made  in  Figs.  !0  and  11.  This  shows  again  that  there  was 
good  agreement  between  the  propane  and  kerosene  results, 
albeit  at  a  slightly  inferior  combustion  efficiency.  The  kerosene 
results  showed  a  minimum  NOx  emissions  of  20ppm  corrected 
to  15  %  oxygen  (El  approximately  2)  at  an  inefficiency  of 
0.2%  The  higher  combustion  efficiency  results  for  propane  at 
leaner  mixtures  allowed  the  "ropane  Jet  Mix  combustor  to 
achieve  lOppm  NOx  at  0  1%  combustion  inefficiency.  The  gas 
oil  results  had  much  higher  NOx  emissions,  possibly  due  to  low 
level  fuel  nitrogen  in  this  fuel  (typically  levels  are  60ppm).  The 
gas  oil  results  will  also  be  influenced  by  the  lower  volatility  of 
gas  oil  compared  with  kerosene  and  the  increased  viscosity. 
These  physical  property  changes  will  lead  to  an  ii.crease  in  the 
spray  drop  size  and  a  decrease  in  the  vaporisation  rate  This  will 
lead  to  a  decrease  in  the  fuel  and  air  mixing  rate  and  an  increase 
in  the  NOx  emissions 

The  NOx  results  are  shown  as  a  function  of  flame  temperature 
in  Fig  10  This  shows  that  the  kerosene  results  were  slightly 
higher  than  those  for  propane  for  the  same  flame  temperature, 
indicating  inferior  fuel  and  air  mixing  with  kerosene  The  results 
for  natural  gas  are  also  shown  in  Fig.  10  and  are  much  lower 
than  for  propane,  indicating  the  importance  of  the  fuel 
composition  in  gas  turbine  NOx  emissions  The  ratio  a  half  for 
natural  gas  NOx  emissions  relative  to  those  of  propane  has  been 
found  in  other  gas  turbine  low  NOx  combustor  designs  (27) 
Although  part  of  the  difference  is  due  to  small  differences  in  the 
peak  flame  temperature  it  is  considered  that  a  significant 
contribution  is  from  a  form  of  prompt  NOx,  based  on  the  very 
short  duration  rich  mixtures  in  the  radial  jet  combustion 
Prompt  NOx  requires  the  presence  of  higher  hydrocarbon 
fractions  than  methane  and  this  could  a  more  significant  source 
of  NOx  for  kerosene  than  for  propane 

5.5.  Seven  Jet  Mix  Spey  Size  Combustor  at  Pressure 

The  above  large  scale  single  Jet  Mix  results  were  compared 
with  those  for  the  7  Jet  Mix  Spey  design  in  Fig  12  This  shows 
the  6  9  bar  gauge  pressure  NOx  results  as  a  function  of  the 
flame  temperature  This  is  the  turbine  entry  temperature  in  a 
combustor  with  dilution  zones  and/or  wall  cooling,  but  was  the 
primary  zone  mean  exit  temperature  when  compared  with  the 
atmospheric  pressure  results  The  use  of  the  flame  temperature 
enables  differences  in  inlet  temperature  to  be  accounted  for  in 
the  comparison  The  data  in  Fig  12  at  pressure  was  obtained 
from  tests  over  inlet  temperatures  from  600  to  788K,  covering 
simulated  approach,  cruise,  climb  and  take  off  conditions  Two 
radial  air  flow  proportions,  10  and  30%,  were  investigated  in 
the  7  Jet  Mix  Spey  designs  and  Fig  12  clearly  shows  the  lower 
NOx  emissions  of  the  larger  radial  air  flow  pioportion 
Comparison  is  also  made  in  Fig  12  with  the  NOx  emissions 
from  conventional  gas  turbine  combustor  designs  at  the  same 
test  conditions.  At  1500K  a  NOx  reduction  of  68%  was 


demonstrated  at  pressure  for  the  10%  radial  flow  design, 
compared  with  an  approximately  72%  reduction  based  on  the 
present  results  for  a  scaled  single  Jet  Mix  design  using  a  0.65 
pressure  exponent 

The  140mm  single  8  hole  Jet  Mix  results  were  scaled  to  the  6.9 
bat  pressure  of  the  high  pressure  results  using  0.5  and  0.65 
pressure  exponents  For  the  7  Jet  Mix  design  an  experimental 
pressure  exponent  was  determined  at  0.65  and  this  has  been 
used  for  comparison  v.ith  the  more  usual  0.5  NOx  pressure 
exponent  The  same  30%  radial  air  flow  proportion  was  used  as 
in  the  7  Jet  Mix  work  Fig  12  shows  that  the  single  large  Jet 
Mix  results  had  lower  NOx  emissions  than  for  the  seven  Jet  Mix 
combustor,  whichever  pressure  exponent  was  used.  However, 
the  difference  was  relatively  small  for  the  0  65  pressure 
exponent.  Part  of  this  improvement  could  have  been  due  to  the 
improved  fuel  distribution  from  the  use  of  8  fuel  injector  holes 
instead  of  42,  but  similar  hole  diameters. 

This  difference  in  NOx  emissions  may  also  have  been 
contributed  to  by  the  use  of  wall  film  cooling  in  the  7  Jet  Mix 
high  pressure  tests  Rolls  Roycc  transply  wall  cooling  was  used 
to  minimise  the  amount  of  film  cooling  air  to  approximately 
1 5%  of  the  total  air  flow  Nevertheless,  the  use  of  part  of  the  air 
for  film  cooling  would  effectively  make  the  main  combustion 
richer  for  the  same  overall  equivalence  ratio.  This  would 
increase  the  NOx  emissions.  This  was  one  of  the  main  reasons 
for  using  no  film  cooling  in  the  present  work  and  the 
development  of  impingement  regenerative  cooling,  as  shown  in 
Fig  I  These  results  indicate  that  for  the  same  Jet  Mix 
configuration  scaling  up  the  size  of  the  Jet  Mix  system  may  be 
preferable  for  lower  NOx  than  the  use  of  a  large  number  of 
smaller  Jet  Mix.  The  problem  of  the  large  number  of  fuel  supply 
pipes  is  drastically  reduced  using  this  procedure. 

5.6  Sector  Results  at  Pressure 

A  one  sixth  sector  of  an  annular  combustor  was  investigated 
using  an  array  of  small  Jet  Mix  devices  There  were  two  rows  of 
Jet  Mix  with  an  outer  recessed  pilot  row  of  Jet  Mix,  which  had 
a  70mm  axial  length  prior  to  dump  mixing  with  the  main  Jet 
Mix  burner  flow.  The  pilot  Jet  Mix  had  10%  radial  air  flow  and 
the  main  Jet  Mix  had  30%  radial  air  flow.  Transply  wall  film 
cooling  was  used  for  the  main  and  pilot  combustors.  The 
recessed  phot  was  used  with  fuel  staging  to  the  pilot  to  improve 
the  turn  down  ratio  of  this  system  Fuel  was  staged  to  the  pilot 
at  idle  and  the  recess  was  to  prevent  the  fuel  mixing  with  the 
unfuellcd  Jet  Mix  when  the  main  fuel  was  shut  off.  Without  this 
recess  there  was  too  much  cross  mixing  between  the  fuelled  and 
unfuelled  Jet  Mix  module-  to  achieve  efficient  combustion  at 
idle 

A  low  NOx  pilot  was  considered  to  be  an  essential  feature  of  a 
low  NOx  combustor  that  meets  the  EPA  and  ICAO  LTO  cycle, 
because  of  the  long  period  spent  at  idle  If  a  conventional  pilot 
is  used  with  high  NOx  emissions,  this  can  prevent  the 
achievement  of  low  NOx  emissions,  This  has  occurred  in 
industrial  gas  turbine  applications  of  the  Jet  Mix  concept  where 
conventional  pilots  have  been  used  fer  low  power  operation  and 
the  achievable  NOx  reductions  were  well  below  the  capabilities 
of  the  Jet  Mix  design,  due  to  the  NOx  produced  in  the  pilot  at 
high  power  conditions  (22,23)  In  aero  applications  it  is  unlikely 
to  be  acceptable  to  switch  off  the  pilot  combustor  at  high  power 
conditions  and  hence  the  pilot  will  give  a  contribution  to  high 
power  NOx  emissions 


This  design  was  used  to  produce  emissions  data  at  the  simulated 
take-off,  climb,  approach  and  idle  conditions  of  the  EPA 
landing  and  take  off  cycle  Results  were  obtained  at  6.9  bar 
gauge  pressure  over  a  range  of  flame  temperatures  and  the  NOx 
emissions  for  any  engine  where  the  flame  temperature  or  turbine 
entry  temperature  are  known  can  be  predicted.  A  0.65  pressure 
exponent  for  NOx  was  used  in  the  prediction  of  NOx  at  take  off 
and  climb  conditions  No  change  in  the  CO  and  UHC  results 
with  pressure  were  assumed,  which  is  a  pessimistic  assumption 
and  will  result  in  the  overprediction  of  CO  and  UHC  However, 
no  reliable  pressure  correction  procedure  for  CO  and  UHC  is 
available. 

The  results  are  summarised  for  the  EPA  landing  take-off  cycle 
(also  adopted  by  ICAO)  in  Table  1.  Applications  of  the  data 
have  been  made  to  the  RB21 1-22B,  the  JT9D-7  and  the  CF6-50 
using  engine  conditions  that  applied  in  1977.  Comparison  is 
made  in  Table  2  with  the  lowest  NOx  emissions  configurations 
from  Phase  II  of  the  NASA  Clean  Combustor  programme 
(10,1 1)  The  predictions  for  the  Jet  Mix  system  are  close  to  the 
best  of  the  NASA  Clean  Combustor  Programme.  Subsequent 
work  hu  shown  that  the  two  rows  of  main  Jet  Mix  burners  can 
be  replaced  with  one  row  of  large  burners  with  little 
deterioration  in  NOx  emissions,  as  shown  above  for  the  Spey 
combustor  sized  results  where  7  Jet  Mix  modules  were  replaced 
with  a  single  injector. 

Table  1  Jet  Mix  Sector  Predictions  for  the  EPA  LTO  Cycle  RB 
21 1-22B  (1977  conditions). 


Condition 

Time 

NOx 

CO 

UHC 

Cycle 

Pollutants, 

pounds 

mins 

El 

El 

El 

NOx 

CO 

UHC 

Take  Off 

0.7 

14  9 

17 

0.0 

2  6 

0.3 

0.0 

Climb 

2.2 

10  9 

34 

0.1 

4  8 

1.5 

0.04 

Approach 

4.0 

114 

89 

0.7 

3.4 

2,7 

0.2 

Idle 

26.0 

2.8 

156 

7.6 

18 

10.3 

50 

NOx  pounds/ 1000  pounds  thrust  hour/cycle  3  4 
CO  pounds/ 1000  pounds  thrust  hour/cycle  4  0 
UHC  pounds/1000  pounds  thrust  hour/cycle  1 .4 

The  CO  and  UHC  emissions  parameters  were  reduced  to  2.7 
and  C  2  respectively  if  the  main  stage  Jet  Mix  radial  airflow  was 
reduced  from  30%  to  20%,  there  was  little  change  in  NOx,  at 
3  5,  for  this  configuration. 

Table  2  Jet  Mix  Sector  Combustor  EPA  LTO  Cycle  Predictions 
and  Comparison  with  NASA  Clean  Combustor  Results  for  the 
GE  CF6  and  PW  JTL>-7(10,1 1) 

EPA  Emissions  Parameter 
NOx  CO  UHC 

pounds/ 1000  pounds  thrust  hour/cycle 
Jet  Mix  Sector  (Radial  Jet  Pilot/Main  10%/20%) 

RB21 1  22B  (1977)  3  5  2.7  0.2 

JT9D-7  (1977)  2  5  2  2  0  2 

CF6-50  (1977)  4.6  18  0  2 

NASA  Clean  Combustor  Best  Phase  II  Results  (10, 1 1) 

JT9D-7  (1977)  2  3  10.2  0  3 

Lowest  NOx,  Configuration  VORBIX  S-17 

Lowest  CO,  S-20  3  5  6  3  0  6 

CF6-50  (1977)  3  6  5.5  0  2 

Lowest  NOx,  Configuration  DOUBLE  ANNULAR  D/A-7 

Lowest  CO,  D/A-8  4  5  2  8  0.2 
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6.  GRID  MIX  RESULTS 

The  radial  Grid  Mix  design  shown  in  Fig  3  injects  fuel  radially 
into  the  sir  jets  and  has  been  shown  to  have  ultra  low  NOx 
emissions  using  gaseous  fUels  The  fUel  is  injected  into  the  high 
air  jet  velocity  upstream  of  the  shear  layer  and  has  seme  partial 
premixing  prior  to  encountering  the  shear  layer  where  the  flame 
develops  The  turbulent  energy  for  mixing  and  flame 
propagation  is  generated  in  the  shear  layer.  Fuel  cannot  pass 
through  the  shear  layer  without  encountering  the  turbulence  for 
mixing  and  hence  the  combusiion  occurs  in  a  well  mixed 
mixture  The  ultrs  low  NOx  emissions  achieved  with  propane  as 
the  fuel  are  shown  in  Fig  13  (19)  for  a  4  hole  76mm  combustor 
at  600K  The  results  for  three  Mach  numbers  and  pressure  loss 
were  very  similar  and  close  to  those  for  a  fully  premixed  four 
hole  grid  plate  at  the  same  pressure  loss,  as  shown  in  Fig  13. 
However,  the  mixing  in  the  shear  layers  results  in  seme  local 
rich  zones  in  the  shear  layer  which  stabilises  the  flame  outside 
the  weak  extinction  of  the  premixed  sy3tem  Thus,  as  shown  in 
Fig  13,  lower  NOx  emissions  can  be  achieved  with  direct  fuel 
injection  into  the  radial  Crid  Mix  stabiliser  than  can  be  achieved 
with  fully  premixed  fuel  and  air,  as  leaner  mixtures  can  be  burnt 
efficiently  with  an  adequate  stability  margin 

The  direct  fuelling  of  each  shear  layer  is  crucial  to  the  low  NOx 
performance  of  this  design  This  is  shown  in  Fig.  14  where  a 
central  four  hole  radial  outward  fuel  injector  surrounded  by  four 
axial  air  jets  is  compared  with  the  radial  Grid  Mix  design  The 
jet  aerodynamics  are  identical  and  only  the  fuel  nlacement  is 
different.  Fig  14  shows  that  the  NOx  emissions  were 
dramatically  higher,  for  two  inlet  temperatures,  with  the  central 
four  hole  injector.  In  adapting  this  design  for  liquid  fuel 
applications  its  was  therefore  essential  to  maintain  the  radial 
inward  fuel  injection  into  each  air  jet  shear  layer  The  main 
design  change  was  'he  use  of  only  4  holes  per  air  jet,  compared 
with  8  for  gaseous  fuels  These  holes  were  0  5mm  diameter. 

The  high  velocity  crossflow  by  the  peak  jet  velocity  would  give 
good  atomisation  of  the  fuel  (21).  Although  the  addition  of  a 
vaporisation  tube  to  this  design  appears  to  be  attractive,  as 
advocated  by  McVey  et  al  (33)  in  a  similar  low  NOx  design,  it 
was  found  to  be  detrimental  to  the  performance  of  the  system. 
Atomisation  was  inferior  with  considerable  vaporisation  tube 
wall  wetting  Flame  stability  was  much  worse,  as  were  the  NOx 
emissions  and  combustion  efficiency  The  main  problem  of  the 
basis  radial  Grid  Mix  design  with  liquid  fuels  was  the  heating  of 
the  fuel  contained  within  the  grid  plate,  which  caused  local 
vapour  bubbles  at  some  test  conditions  which  could  stop  the 
fuel  flow  to  one  or  more  air  jets  It  is  recommended  that 
individual  fuel  feed  tubes  are  used  to  each  injection  hole  in 
future  work 

The  radial  Grid  Mix  results  with  kerosene  injection  into  a  four 
hole  76mm  combustor  configuration  are  shown  in  Figs  1 5  and 
16  The  results  at  the  three  different  Mach  numbers  were 
obtained  at  the  same  pressure  loss  by  changing  the  Grid  Mix 
stabiliser  to  have  a  smaller  hole  size  as  the  Mach  number  was 
reduced  This  kept  the  pressure  loss,  the  shear  layer  jet  velocity 
and  the  atomisation  the  same  as  the  Mach  number  was  reduced 
Fig  15  shows  that  the  NOx  emissions  vere  then  relatively 
insensitive  to  the  Mach  number  If  the  Mach  number  was  varied 
at  constant  jet  diameter  then  the  pressure  icss  decreased  with 
Mach  number  and  there  was  a  serious  deteriorat’on  in  the 
combustion  efficiency  with  decrease  in  Mach  number 

Comparison  of  the  Jet  Mix  results  in  Fig  10  with  the  Grid  Mix 
results  in  Fig  15  shows  that  both  systems  had  similar  low  NOx 


emissions  at  the  same  flame  temperature  However,  the  Grid 
Mix  results  in  Fig  15  show  a  much  wider  flame  stability  with 
mixtures  burning  efficiently  at  mean  flame  temperatures  of 
I300K,  whereas  the  Jet  Mix  design  could  not  operate  efficiently 
below  1 550K  The  weak  extinction  was  below  an  equivalence 
ratio  of  0.3,  with  the  minimum  NOx  and  combustion 
inefficiency  condition  being  at  0  4  equivalence  ratio  giving  a 
very  wide  stability  margin  compared  to  that  for  the  Jet  Mix 
design  The  reason  for  this  flame  stability  difference  is  the  use  of 
the  radial  air  jet  mixing  with  part  of  the  fuel  prior  to  the  main 
combustion  zone.  This  effectively  limits  the  richest  local  zones 
at  the  base  of  the  shear  layer  and  these  control  the  flame 
stability.  This  was  shown  with  the  Jet  Mix  system  in  test  where 
the  radial  flow  was  reduced  to  6%  and  there  was  a  wide 
extension  of  the  lean  stability,  but  a  large  increase  in  the  NOx 
emissions. 

The  combustion  inefficiency  is  shown  as  a  function  of  the  NOx 
emissions  corrected  to  15%  oxygen  in  Fig.  16.  The  wider 
stability  enables  NOx  emissions  of  16  ppm  to  be  achieved 
(approximately  16  El),  which  is  lower  than  for  the  Jet  Mix 
system  in  Fig.  1 1 .  However,  the  combustion  inefficiency  of  the 
Grid  Mix  design  was  much  woise  than  for  the  Jet  Mix  design. 
The  reason  for  this  was  uncertain  as  at  400K  almost  the  same 
Grid  Mix  combustion  inefficiency  had  been  found  as  at  600K, 
whereas  there  is  usually  a  large  decrease  in  the  combustion 
inefficiency.  It  is  considered  that  this  problem  may  be  associated 
with  the  problems  associated  with  the  heating  of  the  fuel  inside 
the  Grid  Mix  stabiliser.  This  should  be  overcome  in  future 
better  designs  of  the  Grid  Mix  stabiliser. 

7.  RADIAL  SVVIRLER  RESULTS 

The  radial  swirler  used  with  the  various  methods  of  fuel 
placement  are  shown  in  Fig.  4  „  Previous  work  (5,6,19,27)  has 
shown  very  low  NOx  emissions  using  this  swirler  design  with 
gaseous  fuels  The  NOx  emissions  were  also  very  sensitive  to 
the  fuel  injection  location  and  ultra  low  NOx  emissions  were 
achieved  with  swirler  vane  passage  and  swirler  outlet  plane  wall 
injection  The  strong  influence  of  the  fuel  injection  location  on 
the  NOx  emissions  is  shown  in  Figs  1 7  and  1 8  for  propane  at 
600K  Fuel  injection  into  the  dump  expansion  zone  downstream 
of  the  swirler  (140mm  wall  injection)  produced  high  NOx 
emissions,  due  to  the  creation  of  rich  long  residence  time  zones 
in  this  region  These  results  also  indicated  that  if  any  of  the  fuel 
injected  elsewhere  is  transported  into  these  recirculation  zones 
then  high  NOx  emissions  will  result  McVey  et  al  (33) 
investigated  this  design  at  pressure  and  reported  high  NOx 
emissions  and  it  is  considered  that  the  radial  swirler  design  that 
he  used  would  allow  the  fuel  to  be  transported  into  the  dump 
recirculation  zone 

Fig  18  shows  that  central  radially  outward  fuel  injection 
achieved  low  NOx  emissions  of  10  ppm  NOx  at  15%  oxygen 
(approximately  1  El)  However,  with  either  vane  passage  or 
76mm  wall  radially  inward  fuel  injection  the  NOx  emissions 
were  3  and  I  ppm  respectively  (0  3  and  0  1  El)  These  NOx 
emissions  were  as  low  as  could  be  achieved  using  premixed 
combustion,  and  the  76mm  wall  injection  results  were  lower 
than  for  premixed  combustion  These  radial  swirler  designs 
were  ideally  suited  to  applications  w>th  liquid  fuels  as  the  high 
vane  swirler  air  velocities  would  provide  good  air  blast 
atomisation 

For  vane  passage  injection  the  liquid  fuel  atomisation  should  be 
at  an  optimum  and  there  is  the  presence  or  the  vane  passage 
length  as  a  vaporisation  period  Fig  !9  shows  the  internal 


24-8 


traverse  of  the  resultant  flames  for  propane  and  kerosene  for  a 
0  43  equivalence  ratio  and  a  600K  inlet  temperature.  The 
traverses  were  carried  rut  close  to  the  swirler  exit  at  10  and 
30mm  from  the  swirler  outlet  plane  Further  downstream 
kerosene  and  propane  had  very  similar  composition  profiles, 
except  for  the  magnitude  of  the  NOx  which  maintained  the 
differences  shown  in  Fig.  19  at  the  30mm  position.  The  fuel 
placement  with  kerosene  was  different  in  the  near  burner  region 
with  more  fuel  reaching  the  central  region.  This  resulted  in  a 
higher  central  zone  temperature  and  NOx  formation  and  a 
slower  flame  development  with  kerosene  into  the  leaner  outer 
region  of  the  flow  The  higher  NOx  emissions  at  the  combustor 
exit  were  thus  entirely  due  to  these  small  differences  in  fuel 
placement  in  the  near  burner  region. 

The  mean  NOx  emissions  as  a  function  of  the  equivalence  ratio 
are  shown  in  Fig  20  for  gaseous  and  liquid  fuels.  The  kerosene 
NOx  emissions  were  very  close  to  those  for  propane  and  the 
differences  were  due  to  the  initial  fuel  placement  differences,  as 
shown  by  the  internal  gas  composition  traverses  Thus  the 
atomisation  and  vaporisation  influences  with  kerosene  were 
small.  Fig.  21  shows  that  the  minimum  NOx  corrected  to  15% 
oxygen,  compatible  with  better  than  a  0.1%  combustion 
inefficiency,  was  5ppm  (0.5  El)  for  kerosene  and  2  5ppm  for 
propane  at  an  equivalence  ratio  of  0  4  for  both  fuels  Even  for 
gas  oil  the  minimum  NOx  was  a  low  as  lOppm  as  shown  in  Fig. 

21  These  are  extremely  low  NOx  emissions  for  liquid  fuels  and 
indicate  that  very  low  NOx  emissions  could  be  achieved  at 
pressure  conditions  Comparison  of  Fig.  20  with  Fig.  8  shows 
that  for  the  same  equivalence  ratio  the  NOx  emission  for 
kerosene  were  substantially  lower  for  the  radial  swirler  wuh 
passage  fuel  injection 

Figures  17  and  18  show  that  even  lower  NOx  emissions  were 
achieved  for  propane  with  76mm  wall  injection  at  the  swirler 
outlet  plane  Passage  injection  of  liquid  fuel  in  high  pressure 
high  inlet  temperature  gas  turbines  may  lead  to  spontaneous 
ignition  in  the  vane  passages  The  wall  fuel  injection  technique 
does  not  have  this  problem  as  the  fuel  is  injected  downstream  of 
the  swirler  directly  into  the  combustion  zone  The  radially 
inward  fuel  injector  was  designed  for  dual  fuel  firing  with  two 
separate  fuel  supply  rings  to  separate  gaseous  and  liquid 
injection  points,  one  per  vane  passage  outlet.  There  were  no 
combustion  performance  problems  with  this  design  for  liquid 
fuels  and  there  was  an  adequate  flame  stability. 

The  results  are  compared  with  those  for  gaseous  fuels  in  Figs. 

22  and  23  The  kerosene  and  gas  oil  minimum  NOx  emission 
results  were  slightly  higher  than  for  vane  passage  injection,  even 
though  the  propane  results  were  lower.  However,  the  results 
still  indicate  that  very  low  NOx  emissions  could  be  achieved  at 
pressure  conditions  using  liquid  fuel 

All  the  above  radial  swirler  work  was  carried  out  in  the  140mm 
combustor  size  but  was  at  a  relatively  low  Mach  number  of 
either  0  014  or  0  022  For  the  optimum  equivalence  ratio  of  0  4 
for  minimum  NOx  emissions,  at  least  60%  of  the  combustor  air 
flow  is  required  to  pass  through  the  radial  swirler  at  maximum 
power  conditions  and  this  requires  a  Mach  number  of 
approximately  0  03  To  achieve  this  Mach  number  at  an 
acceptable  pressure  loss  the  radial  swirler  air  flow  was  increased 
by  placing  together  two  existing  radial  swiriers  with  the  central 
76mm  backplate  removed  from  the  downstream  swirler  This 
produced  a  split  radial  swirler  of  total  passage  depth  of  26mm 


Test  of  this  design  with  radial  passage  and  76mm  wall  gaseous 
injection,  all  showed  that  the  ultra  low  NOx  emissions  of  the 
earlier  lower  Mach  number  work  could  be  repeated.  However, 
for  liquid  fuels  the  wall  fuel  injection  appeared  to  transport  the 
fuel  into  the  outer  recirculation  zone  and  high  NOx  emissions 
were  produced.  Techniques  to  overcome  this  problem  have 
been  developed  However,  it  was  found  that  with  this  higher  air 
flow  capacity  central  liquid  fuel  injection  performed  with  lower 
NOx  emissions  than  for  gaseous  fuels.  These  results  are  shown 
in  Fig,  2 1  and  22  and  the  very  low  NOx  emissions  for  kerosene 
are  demonstrated  NOx  emissions  for  kerosene  as  low  as  3ppm 
at  15%  oxygen  are  shown  in  Fig.  22,  compared  with  12ppm  for 
propane  and  lOppm  for  natural  gas.  This  lower  value  for 
kerosene  is  lively  to  have  been  due  to  slightly  different  fuel 
placement  in  the  near  burner  region. 

Comparison  of  Fig.  21  with  Figs.  10  and  15  shows  that  these 
large  air  flow  capacity  radial  swiriers  have  an  order  of 
magnitude  lower  NOx  emissions  than  for  the  Jet  Mix  or  Grid 
Mix  designs  These  results  offer  the  possibility  of  achieving  an 
El  of  well  under  10  at  take  off  conditions  and  possibly  near 
unity  El  Development  of  the  design  to  meet  full  gas  turbine 
combustor  operating  conditions  is  warranted. 

CONCLUSIONS 

1.  Three  low  NOx  gas  turbine  combustor  deign  concepts, 
which  have  been  demonstrated  to  give  very  low  NOx  emissions 
using  gaseous  fuels  have  been  successfully  tested  on  liquid  fuels 
and  low  NOx  emissions  demonstrated. 

2.  The  Jet  Mix  design  was  shown  to  have  low  NOx  emissions  at 
atmospheric  pressure  and  has  been  tested  at  pressure,  with 
similar  low  NOx  results  Kerosene  performance  and  emissions 
was  very  similar  to  that  for  propane  as  the  fuel. 

3  The  6  9  bar  pressure  tests  for  a  seven  Jet  Mix  design  for  the 
Spey  size  combustor  gave  NOx  emissions  results  close  to  those 
obtained  with  a  single  large  Jet  Mix  in  a  140mm  combustor, 
scaled  to  pressure  conditions  using  an  experimentally 
determined  0  65  pressure  exponent 

4  Tests  on  a  sector  rig  of  a  two  stage  low  NOx  combustor 
using  Jet  Mix  low  NOx  systems  was  shown  at  pressure  to  yield 
NOx  emissions  close  to  the  best  demonstrated  in  the  NASA 
clean  combustor  programme. 

5.  The  Grid  Mix  low  NOx  design  was  shown  to  be  capable  of 
low  NOx  performance  using  kerosene.  There  was  a  much  wider 
flame  stability  than  for  the  Jet  Mix  design  and  lower  NOx 
emissions  were  demonstrated 

6  The  radial  swirler  with  vane  passage  or  76mm  wall  fuel 
injection  was  shown  to  have  ultra  low  NOx  emissions  with 
liquid  fuels.  For  a  high  air  flow  radial  swirler  it  was  found  that 
central  kerosene  injection  gave  lower  NOx  emissions  than  for 
gaseous  fuels 
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Radial  swirler  arid  fuel  injection  <  onf  iqurit  lonj 
and  the  flow  patterns  observed  using  a  water 
flow  visual i/at ion  tunnel 


COMBUSTION  INEFFICIENT r  X 


24-11 


NOx  ppm  CORRECTED  TO  1f%  OXYGEN 

Fig.?  Comparison  of  the  combustion  inefficiency 

as  a  Function  of  NOx  for  pr  opane  and  ketosene 
fuelling  of  an  inline  Jet  Mix  76mm  combustor 
with  11%  i  adial  an  flow. 
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Fig.  10  140wi  single  Jet  Mix  combustor  with  inline 
jets,  comparison  of  the  influence  of  fuel 
type  on  NO  emissions  as  a  function  of  flame 
tempe- dtur$.  30%  radial  air  flow. 


Fig. 8  NO  emissions,  as  a  function  of  equivalence  ratio 
fo?  the  mime  Jet  M.x  with  11%  radial  an  flow, 
comparison  of  propane  w.th  kerosene. 


fig. 11  NO  corrected  to  15%  oxygen  as  a  function  of 
combustion  inefficiency  for  a  single  Jet  Mix 
with  30%  radial  jet  an  flow  in  a  140mm 
combustor  ,  compar  isori  of  propane  with 
ker  osene  and  gas  oil. 
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Fig. 9  Influence  of  the  Jet  M.x  rad. at  jet 

flow  on  tna  NOx  emissions,  ’’ompar  .son 
of  the  present  propane  jnd  kerosene 
results  for  a  single  76mn  Jr!  Mix  w.th 
a  l  Jet  M.x  lie-,  i  g*.  n  a  Spey  s  •  le  flame 
tube,  tested  at  6.9  bar  w.th  trie  NOx 
reduced  to  one  ba>  rondit  on-,  us  ng  a 
°  65  arid  0  b  pressure  exponents  (  1?  j . 
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Equivalence  ratio 

Fig.  I  3  The  NO,  as  a  function  of  equivalence  ratio  using 
grid  mix  configurations  (GMIB,  GMIA,  GMID), 
propane  injection  and  air  inlet  temperature  at  600  K 


Equivalence  ratio 

Fig.  I  4  NO,  corrected  to  15  per  cent  oxygen  as  a  function  of 
equivalence  ratio  using  grid  mix  fuelled  with 
propane,  lor  two  inlet  temperatures  at  400  and  600 
K 
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N0x  CORRECTED  TO  15X  OXYGEN 

Fig. 16  Combustion  inefficiency  as  a  function  of  the 
NO  emissions  collected  to  15%  oxygen  foi  the 
radial  Grid  Mix  76rnm  combustor  with  four  jet 
shear  layers  and  16  0.5mm  radial  kerosene 
inject  ion  points. 
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F.  jcivalence  ratio 

Fig.  17  Influence  of  the  method  of  fuel  injection  on  mean 
exit  plane  NO,  emissions  as  a  function  of  the  mean 
equivalence  ratio,  using  radial  swirler  with  various 
modes  of  fuel  injection  fuelled  with  propane  at 
600  K  inlet  air  temperature 
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F i g .  1 3  NOx  emissions  as  a  function  of  the  flame 

temperature  for  the  ladial  nr  id  mix  4  hole 
76mri  combustor  . 


NO,  corrected  lo  15%  O, 
l’l>m 

Fig.  15  Influence  of  the  method  of  fuel  injection  on  the  com¬ 
bustion  inefficiency  as  a  function  of  NO,  corrected 
to  15  per  cent  oxygen,  using  radial  swirler  with 
various  modes  of  fuel  injection  fuelled  with  propane 
at  MX)  K  inlet  air  temperature 
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F ig. ?Z  Ini  luence  of  the  fuel  type  on  the  NO  emissions 
as  a  function  of  the  adiabatic  mean  temperature 
based  on  the  rig  metered  air/fuel  and  the 
combustion  inefficiency,  swirler  C  at 
M=0.014  and  600k  inlet  temperature,  fuel 
injection  at  the  76imi  wall  swhltt  cutlet  plane. 
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Fig.ZO  NO  emissions  as  a  function  of  the  mean 

exfiaust  plane  flame  temperature  For  radial 
vane  passage  injection  of  four  fuels  using 
swirler  B  in  the  i40im  diameter  combustor. 
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NOX  (CORRECTED  TO  1SX  02).pp«. 

Fig. 23  The  interdependence  of  CO  and  NO  emissions 
corrected  to  15*  oxygen  for  a  raftge  of  fuels 
witn  76imt  peripheral  wall  injection  into 
swirler  C  at  M=0.014  and  600K. 


MEAN  FLAME  TEMPERATURE  K 


Fig. 24  Large  airflow  capcity  radial  swir  ler  NOx 
emissions  as  a  function  of  the  mean  flame 
temperature  for  four  fuels,  central  radially 
outward  8  hole  fuel  injector. 
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Fig. 25  Combustion  inefficiency  as  a  function  of 
NOx  corrected  to  15*  oxygen  for  a  large 
airflow  radial  swirler  (45°  vane  angle) 
with  central  radially  outward  8  hole  fuel 
injection,  comparison  of  four  fuels. 


Discussion 


Question  1.  T.  RosQord 

I  agree  that  placement  of  fuel  in  the  correct  location  in  the  airflow  is  crucial  to  low  NOx.  The  challenge  is  to  inject  gaseous  or 
liquid  fuel  into  a  swirling  airflow  How  do  you  predict  such  a  penetration? 

Author's  Reply 

We  have  been  trying  to  model  the  swirler  results  using  CFO  and  the  low  NOx  post-processing  package  (Paper  3)  The  NOx  was 
overpredicted  because  the  temperature  was  overpredicted  because  the  fuel/air  mixing  in  the  shear  layer  was  not  predicted 
correctly.  The  prediction  of  fuel  placement  from  fuel  injector  holes  is  a  problem  we  have  not  yet  solved  using  CFD  and  we  may 
need  to  use  simpler  momentum  scaling  rules.  The  problem  of  rapid  iu«J/air  mixing  in  shear  layers  is  also  very  difficult  to  predict 
using  current  CFD  codes. 
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SUMMARY 

The  first  results  of  a  research  and  develop 
went  program  on  combustion  characteristics 
of  gaseous  hydrogen  fuel  in  a  "can"  type  gas 
turbine  combustor , both  in  combination  with 
air  or  with  oxygen  and  water,  are  here  pres 
ented.  Application  of  a  H;  <’0:  /H.O  combustion 
chamber  is  suggested  for  the  launch-boost 
phase  of  an  advanced  turboramjet. 
Experiments  have  been  conducted  to  determine 
the  configuration  and  the  operation  of  the 
hydrogen-air  combustion  chamber  test  facili 
ty,  to  be  transferred  to  two  different  kinds 
of  small  power  turboshafts.  Computations ,  proj. 
ect  details  and  tests, are  presented  regard¬ 
ing  high  pressure  and  temperature  stoichio¬ 
metric  Hj./O;  combustion  in  which  water  is 
gradually  injected. 

Referring  to  an  already  realised  and  operat 
ed  (on  behalf  of  the  author)  H./O./HjO  com¬ 
bustor  for  a  water  steam  closed  cycle  in  a 
turbine/alternator  electrically  propelled 
automobile,  a  detailed  design  is  developped 
for  a  quite  higher  steam  temperature,  as  re 
quired  xn  high  performance  boost  phase  of  a 
low  noxious  emission  advanced  turboramjet, 
in  which  H;  and  are  stored  in  liquid  form. 

1 _ INTRODUCTION 

Combustion  characteristics  of  gaseous  hydro 
gen  fuel  in  a  "can"  type  gas  turbine  combus 
tor,  both  in  combination  with  air  and  with 
oxygen  and  water  are  presented.  These  are 
the  first  results  of  a  research  program  in 
cooperation  with  the  Department  of  Energet¬ 
ics  of  the  University  of  Pisa  and  the  Ital¬ 
ian  National  Research  Center  (C.N.R.). 

There  has  been  much  renewed  interest  in  hy¬ 
drogen,  both  as  a  source  of  new  energy  for 
car  and  aircraft  propulsion,  and  as  alter¬ 
nate  fuel.  Along  with  research  into  produc¬ 
tion,  safety  and  storage,  techniques,  inves 
tigations  have  focused  on  several  areas  of 
utilization. 

The  recent  energy  crisis  and  the  serious  at 
mospheric  pollution  arising  from  use  of  fos 
sil  fuel3  made  our  interest  turned  to  hydro 
gen.  In  the  field  of  the  gas  turbine  en¬ 
gine,  hydrogen  is  considered  to  be  the  eas¬ 
iest  energy  source  for  utilization. 

Among  others  hydrogen  has  tne  advantage  of 
zero  pollutant  emission  if  in  combustion  in 
oxygen  and  water.  On  the  other  hand,  hydro¬ 
gen-air  combustion  is  not  producing  at  all 
CO,  COj  and  HC,  with  the  exception  of  the 
oxides  of  nitrogen  at  the  exhaust  of  air- 
breathing  engines. 


The  objective  of  our  research  program  is  to 
study  experimentally  the  unknown  technolog¬ 
ical  problems  associated  with  hydrogen  use 
for  the  small  gas  turbine  engine,  in  order 
to  investigate  the  degree  of  difficulty  for 
the  hydrogen  conversion. 

Regarding  the  Hj/Air  combustion,  tests  on  a 
combustor  of  a  small  gas  turbine  engine  are 
in  progress  over  a  range  of  fuel-air  ratios, 
inlet  air  pressures  and  temperatures,  fuel 
injectors,  and  combustor  loadings.  Several 
parameters  are  already  investigated,  includ¬ 
ing  metal  temperatures,  flame  character¬ 
istics,  combustion  efficiency,  operating  sta 
bility  and  NOy  emissions. 

Regarding  the  Hj/Oj/HiO  combustion  a  detail 
ed  design  of  a  small  combustor  has  been  made 
from  which  the  real  combustion  tube  has  been 
derived  for  testing. Hydrogen  and  oxygen  are 
injected.  By  adding  water  used  before  for 
the  cooling  of  tne  combustion  chamber  wall, 
the  combustion-gas  temperature  of  over  3300 
K  is  gradually  decreased  to  the  desired  wa¬ 
ter  steam  temperature,  ranging  between  B30 
K  and  1300  K.  The  water  is  injected  radial¬ 
ly  into  the  combustion  chamber  by  means  of 
several  injection  rings.  The  steam  is  sup¬ 
plied  subsequently  to  the  steam  turbine. 
The  experimental  version  has  been  tested  so 
far  at  steam  pressure  between  40  and  70  bar 
as  well  as  temperature  between  830  and  1273 
K.  The  energy  conversion  efficiency  amounts 
to  99%  at  a  range  from  50%  partial  load  to 
full  load.  The  concept  allows  fast  variation 
of  capacity  and  steam  conditions  according 
to  selectable  desired  values.  The  develop¬ 
ment  method  of  stoichiometric  mixture 

supply  allows  to  maintain  very  narrow  toler 
ance .  Ref .  111. 

Both  the  new  combustion  technologies .either 
with  H;/Air  gas,  for  low-NOx  combustor,  or 
with  H,/0./H;0  gas,  for  zero  NC>x  combustor, 
and  advanced  high-pressure/high-temperature 
cycle  engines  result  in  unique  problems  in 
design  and  performance. 

2 _ H,  /AIR  CAN  COMBUSTOR  SYSTEM 

The  can  combustor  system  provided  a  rela¬ 
tively  rapid  means  of  investigating  perform 
ance  over  a  wide  range  of  operating  param¬ 
eters.  Comparison  of  combustion  performance 
between  hydrogen  and  kerosene  fuels  was  made 
using  this  system,  to  get  an  hydrogen  fuell 
ed  engine  with  a  very  similar  behaviour .Due 
to  the  fact  that  the  hydromechanical  kero¬ 
sene  controller  is  not  able  to  control  gase¬ 
ous  hydrogen,  it  was  decided  to  use  a  digi¬ 
tal  one,  consisting  of  an  electronic  conttol 


(‘resented  at  an  AGAR  D  Mee.ing  on  'Fuelsand  Combustion  Technology  for  Advanced  Aircraft  Engines',  May  IWd. 


box  and  an  electrical/pneumatical  valve  for 
the  hydrogen. 

For  a  safe  ignition  of  the  gas  mixture  and 
for  the  design  of  control  laws  of  the  digit 
al  hydrogen  controller,  the  steady  state  and 
the  dynamic  performance  of  the  engine  has  to 
be  known,  expecially  the  relation  between 
speed  and  fuel  flow  as  a  function  of  the 
time  during  engine  acceleration  from  zero  to 
idle  speed  and  for  the  uncontrolled  engine. 
Making  the  assumption  that  the  differences 
in  the  engine  behaviour  are  not  too  big  us¬ 
ing  Jet  Al  fuel  respectively  hydrogen,  the 
design  of  the  controller  can  be  made  with 
data  of  the  Jet  Al  fuel  driven  engine.  To  a 
chieve  these  data,  the  engine  has  to  be  start 
ed  and  stabilized  at  idle  speed  with  open 
loop  control  and  then  idle-f uel-f low  has  to 
be  changed  by  a  certain  amount. 

The  adopted  can  combustor,  figure  l,has  pri 
mary,  intermediate  and  dilution,  zones  and 
cooling  louvres.  A  single  fuel  injector  is 
mounted  axially  at  the  combustor  head  where 
tangential  entry  holes  provide  swirling  air 
to  the  primary  zone.  A  standard  simple  noz¬ 
zle  is  used  with  Jet  Al  fuel  while  a  multi¬ 
hole  nozzle,  figure  2,  is  tested  with  hydro 
gen.  The  fuel  is  injected  along  an  annulus 
with  air  flowing  through  the  centre  of  the 
nozzle.  The  hydrogen  supply  is  taken  from  a 
200  bar  commercial  bottle.  Hydrogen  flow  is 
measured  using  a  standard  Venturi,  and  flow 
control  is  provided  by  a  precision  valve  and 
pressure  regulators.  As  part  of  the  safety 
precautions,  a  flash-back  arrestor  is  in¬ 
stalled  upstream  of  the  test  section  to  i- 
solate  any  flash-back  of  the  flame  and  a  ni, 
trogen  purge  system  provided  for  flushing 
the  fuel  line  before  and  after  each  test. 

This  single  can-type  combustor  is  simulat¬ 
ing  the  combustion  performance  of  conven¬ 
tional  40f200  kw  small  turbines,  which  will 
be  mentioned  here  later.  A  low  tension  ig¬ 
niter  is  mounted  at  the  outside  of  the  re¬ 
circulation  zone  in  the  combustion  liner. 

Pressure  sensors  and  Pt-Ph  thermocouples  are 
fixed  in  the  combustor  to  measure  pressure 
and  temperature  distributions.  To  reduce  er 
rors  due  to  radiation  from/to  the  wail,  the 
hot  junctions  are  shielded. 

Combustion  efficiency  and  gaseous  emissions 
are  monitored  with  a  multi-point  sampling 
probe  in  the  exit  plane  of  the  combustor. 
H/drogen  content  in  the  exhaust  is  measured 
using  a  thermal  conductivity  analyser,  and 
NOx  concentration  using  a  chemiluminescent 
analyser.  The  quartz  window  at  the  back  of 
the  rig  allows  direct  observation  of  flame 
behav*  our. 

A  comparison  cf  physical  and  chemical  prop¬ 
erties  of  hydrogen  and  Jet  Al  fuels  is  shown 
in  Table  I . 

Reference  has  been  made,  in  our  conversion 
to  hydrogen  fuel,  to  two  small  turboshaft 


engines,  which  were  designed  more  than  20 
years  ago,  originally  for  Jet  Al  fuel  and 
the  following  specif ications  .• 


Turboshaft 

A 

B 

-  shaft  horse  power 

42  kW 

202  kW 

-  air  mass  flow 

0.9  kg/s 

1.5  kg/s 

-  fuel  mass  flow  0 

.0175  kg/s 

463  g/kWh 

-  compressor  pressure  ratio  2.5 

8.4 

-  turbine  inlet  temperature  1173 

K  1233  K 

TABLE  I  -  Hydrogen  and 

Jet  Al  Properties 

Hydrogen 

Jet  Al 

Molecular  weight 

2.016 

170 

Liquid  Density, kg/m3 

70.8 

827 

deat  of  Combustion 

Volumetric,MJ/m3 

10.2 

35,3 

Gravimetric ,MJ/ kg 

122.8 

42.8 

Heat  of  Vaporization, kJ/kg  446 

295 

Normal  Boiling  Point, K 

+20 

444  to  54C 

Freezing  Point, K 

+14 

423 

Limits  of  Flammability, 

%  fuel  vol. 

4  to  74 

1  to  5 

Flammability  Range, 

equivalence  ratio 

.1  to  6.8 

.  5to  4 

Minimum  Spark  Ignition 

Energy, MJ 

.019 

.25 

Maximum  Flame  Temperature, K  2400 

2300 

Quencing  Distance, cm 

.057 

.  3 

Detonation  Velocity, m/s 

1900 

1800 

Specific  Heat,kJ/kg/K 

9.663 

1.966 

Specific  Gravity  of  Gas 

at 

273  K  and  1  atm,  (Air  = 

1)  .0695 

Steady  state  performance  tests  are  perform 
ed  simulating  conditions  from  ground  idle 
to  the  maximum  rating  on  the  turboshaft  A 
and  B  cycles. 

At  each  condition  gaseous  emissions  and  lin 
er  skin  temperatures  are  measured. 
Combustion  efficiency  is  determined  from 
measured  concentrations  of  unburnt  hydrogen. 
Additional  parametric  tests  are  performed 
to  evaluate  the  effects  of  inlet  pressure, 
temperature  and  fuel-air  ratio  on  NOx  emis 
sions  and  liner  skin  temperatures. 

3 _ EXPERIMENTS  ON  CAN  COMBUSTOR 

Firstly,  experiments  are  conducted  to  deter 
mine  the  behaviour  of  the  chosen  nozzle  on 
such  a  can  combustor.  To  establish  the  sup 
ply  pressure  of  hydrogen  to  the  comcustor, 
pressure  losses  across  the  fuel  nozzle  are 
needed.  Figure  3  shows  the  pressure  loss 
coefficient  c,  =  fip-2g/yn  *VH' »  where  VH  is 
the  hydrogen  velocity  at  the  nozzle  orifice 
given  by  using  the  hydrogen  mass  flow  rate, 
specific  weight  yh  and  the  whole  area  of  the 
orifice.  Nozzle  Reynolds  number  Rj.  is  calcu 
lated  from  VH  and  the  hydraulic  diameter  ob 
tained  fiom  the  whole  area  of  the  nozzle  or 
if  ice.  As  it  can  be  seen  on  figure  3,  the 
pressure  loss  coefficient  of  such  muiti- 
hoie  type  is  roproximately  constant  in  the 
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covered  range  of  the  Ru  number. 

When  the  hydrogen  operation  starts  it  is  nec 
cssary  to  light  immediately  at  the'  lower  cc»\ 
centration  of  the  hydrogen-air  mixtures. 
Ignition  limits  are  established  by  record¬ 
ing  th 3  minimum  fuel  flow  required  to  ob* 
tain  stable  combustion. The  flow  factors  that 
can  be  aspected  to  affect  ignition  limits 
include  air  pressure,  temperature  and  ve¬ 
locity.  Figure  4  shows  the  ignition  fuel-air 
ratio  versus  air  flow  rate  at  ambient  condi, 
non.  The  minimum  fuel-air  ratio  for  igni¬ 
tion  with  hydrogen  is  much  lower  (<40%)  than 
that  with  Jet  A1  fuel  even  after  correcting 
for  the  difference  in  heating  values  between 
the  two  fuels.  The  multi-hole  nozzle,  with 
locally  strong  concentrations  of  hydrogen 
in  the  primary  zone,  provides  better  condi¬ 
tions  for  diffusion.  Increasing  air  pres¬ 
sure  improves  ignition  characteristics , fig¬ 
ure  4.  Then  the  ignition  test  is  made  to 
obtain  the  ignition  limits  of  the  oombustor. 

The  hydr-ogen  mass  flow  rate  is  then  increas 
ed  slowly  until  the  ignition  occurs.  When 
hydrogen  is  ignited,  a  "pop"  sound  similar 
to  explosion  is  accompanied  with  initiation 
of  the  combustion.  This  becomes  stronger  at 
excess  hydrogen  flow  even  at  lower  air  flow 
rate,  or  at  large  amount  of  fuel-air  mix¬ 
tures. 

Once  the  ignition  is  attained,  the  combus¬ 
tion  can  be  hoid  even  at  considerably  small 
amount  of  hydrogen  flow. 

The  combustion  efficiencies  of  hydrogen  is 
around  100%,  calculating  from  the  entalpy 
differences.  The  hydrogen  concentration  in 
the  combustion  gases  at  the  outlet  of  the 
combustor  is  checked  by  a  chromatograph. 

The  ignition  performance  and  operating  effi^ 
ciency  of  the  can  combustor  points  to  excel 
lent  mixing  and  combustion  characteristics 
of  hydrogen.  The  results  once  again  Indi¬ 
cate  possibility  of  using  much  smaller  com 
bustors  for  hydrogen  fuel  while  achieving 
adequate  performance. 

4 _ PERFORMANCE  OF  H,/AIR  TURBINE 

Two  conventional  small  gas  turbines  are  used 
for  the  operation  test  with  hydrogen  fuel. 
The  can-type  combustor  is  a  simulation  of 
these  kinds  of  engines.  In  order  to  accom¬ 
modate  the  geometrical  differences, the  can 
combustor  and  the  real  flow  in  the  turbine 
combustion  chamber,  modelling  parameters  are 
used  to  define  the  can  combustor  rig  air 
flows  which  simulate  actual  conditions  on 
the  full  engine.  An  air  loading  rarameter 
simulates  reaction  rate  and  residence  time 
at  low  power  and  an  air  velocity  parameter 
simulates  flow  characteristics  at  high  pow 
er.  Thus  the  air  mass  flows  for  the  can  com 
bustor  rig  tests  are  determined  from  such 
modelling  parameters,  while  nlet  pressures, 
temperatures,  and  overall  fuel-air  ratios 
are  kept  the  same  as  in  the  engines.  Fuel 


flows  are  adjusted  according  to  the  net  heat 
ing  value  of  the  test  fuel  relative  to  that 
of  Jet  Al. 

The  hydro-mechanical  controller  is  not  able 
to  control  gaseous  hydrogen.  Therefore  a  dig 
ital  electronic  controller  is  used  which  is 
modulating  an  electrical  valve  as  a  func¬ 
tion  of  engine  speed.  Driving  the  turboshaft 
(figure  5)  with  hydrogen,  there  are  differ¬ 
ent  metering  and  shut  off  valves,  which  are 
important  for  the  safety  point  of  view;  it 
is  necessary  to  rinse  the  fuel  pipes  before 
and  after  each  engine  run. 

The  control  of  the  turboshaft  using  hydro¬ 
gen  as  fuel  consists  of  two  parts:  acceler¬ 
ation  from  zero  to  idle  speed  (open  loop),1 
normal  engine  control  (closed  cycle). 

In  fact  here,  the  digital  controller  meas¬ 
ures  the  hydrogen  into  the  combustion  cham 
ber  as  a  function  of  speed,  whereas, special 
ly  at  the  first  moment,  the  mass  flow  is  on 
ly  c.  few  percent  of  that  of  the  correspond 
ing  Jet  Al  mass  flow  to  keep  the  gas  volume 
at  the  ignition  point  as  small  as  possible. 
This  acceleration  from  zero  to  idle  speed 
is  done  as  a  open  loop  control. 

At  about  the  idle  speed,  the  normal  engine 
control  as  closed  loop  is  activated.  The  in¬ 
crease  of  the  fuel  as  a  function  of  speed 
(or  time)  is  slightly  smoother. 

Experimental  tests  are  in  progress  and  it 
is  too  early  to  present  reliable  operating 
data  and  transient  characteristics. 

The  N0X  emission  rates  *n  hydrogen  use  are 
relatively  greater  than  those  in  Jet  Al  com 
bustion,  ir.  the  entire  range  of  the  loading 
operation  of  the  power  spectrum;  this  is 
problably  associated  with  higher  flame  tern 
perature,  evidenced  as  well  by  higher  liner 
temperatures. 

Combustion  with  the  multiple  nozzle  may  be 
influenced  more  by  diffusion  of  individual 
jets  of  hydrogen,  which  can  result  in  hign 
er  local  temperatures  and  hence  higher  rates 
of  NOx  formation. 

While  the  can  combustor  data  with  kerosene 
fuel  shows  NO^,  emissions  lower  than  in  cur 
rent  production  engines,  corresponding  da¬ 
ta  for  hydrogen  shows  considerably  higher 
Nf^  emissions-  Reducing  these  emissions  can 
likely  be  achieved  by  leaning  out  the  front 
end  of  the  liner,  or  reducing  primary  zona 
residence  time  by  moving  up  the  location  of 
dilution  orifices.  In  this  combustion  sys¬ 
tem,  such  changes  are  not  likely  to  result 
in  much  penalty  in  other  performance  param 
eters  such  as  ignition,  stability  or  combus 
tion  efficiency. 

The  temperature  distributions  on  the  liner 
wall  of  the  combustor  were  observed  by  us¬ 
ing  thermocouples.  The  wall  terr„.eratures 
with  hydrogen  were  much  higher  than  with  Jet 
Al,  especially  in  the  primary  zone  where 
temperatures  in  excess  of  1100  K  were  indi¬ 
cated  for  hydrogen  compared  to  800  1000  K 
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for  Jet  Al. 

Based  on  the  work  here  presented,  the  fol¬ 
lowing  conclusions  are  obtained: 

-  conventional  gas  turbine  operated  with  Jet 
Al  fuel  can  be  converted,  with  a  minimum 
effott,  to  use  hydrogen  as  an  alternative 
fuel; 

-  perfect  combustion  of  hydrogen  is  obtain¬ 
ed  in  the  operation  tests  of  the  gas  tur¬ 
bines.  Thermal  efficiency  in  hydrogen  op¬ 
eration  agreed  with  the  value  in  Jet  Al  og 
eratiort; 

-  NO^  emission  level  in  hydrogen  combustion 
is  greater  than  that  with  Jet  Al. 

5  LESS  EMISSIONS  WITH  HYTHANE 

Conversion  to  Hythane  combustion  is  next  ex 
periment  to  be  made  with  the  turboshafts. 
Mixing  a  bit  of  hydrogen  with  compressed  nat 
ural  gas  ( CNG )  could  yield  the  cleanest-burn 
ing  alternative  fuel  yet. 

A  feasibility  test  of  Hythane  -  5  percent 
hydrogen  by  energy  content,  15  percent  by 
volume  -  has  produced  hydrocarbon  emissions 
less  than  half  of  those  from  CNG,  and  nitro 
gen  oxide  levels  24  percent  of  those  from 
CNG. 

Taking  suggestion  from  automobile  applica¬ 
tion,  pure  hydrogen  in  gaseous  form  asks  up 
12.9  times  as  much  space  as  gasoline  requir 
ed  to  travel  an  equivalent  distance  and  3.8 
times  as  much  space  as  natural  gas.  Enough 
Hythane  to  make  a  trip  of  about  200  miles 
can  be  packed  into  a  tank  3.4  times  the  size 
of  an  equivalent  gas  tank  -  if  it  is  com¬ 
pressed  to  about  3,000  pounds  per  square 
inch. 

It  is  theorized  that  natural  gas  and  hydro¬ 
gen  can  act  symbiotically  -  one  compliment 
ing  the  other  -  to  produce  a  more  efficient 
burning  fuel.  Natural  gas  plays  a  positive 
role  in  the  fuel  partnership  by  contribut¬ 
ing  cost  advantage,  domestic  availability, 
and  existing  infrastructure  to  the  scenario. 
Another  potential  rienefit  of  Hythane  use  - 
extending  the  supply  of  natural  gas  -  can 
be  accomplished  if  hydrogen  is  formed  from 
renewable  energy  sources  rather  than  natural 
gas  reformation.  Although  natural  gas  is 
clean-'ourning,  there  is  still  a  need  to  low 
er  the  carbon  monoxide  (CO) , hydrocarbon  (HC) 
and  nitrogen  oxide  (NOx;  levels  to  accommo¬ 
date  the  projected  emission  standards. 

Current  emission  standards  in  USA,  for  auto 
mofci les , impose  less  than  grams  per  mile: 

G.97  ( THC )  ;  0.8  I NMHC )  •  10.0  (CO);  1.2  (NOx). 
Proposed  California  "ULEV"  (Ultra  Low  Emis 
sion  Vehicle)  are:  0.05  (THC);  0.04  (NMHC); 
1.7  (CO);  0.2  ( NOx ) . 

At  present,  Hythane  used  in  automobiles  has 
reached:  0.01  ( NMKC ) ;  0.7  (CO);  0.2  (NO.). 

In  advanced  aircraft  turbo-engines,  Hythane 
combustion  with  air  has  to  be  considered  an 
up  to  date  procedure,  even  though  storaging 
aboard  of  hydrogen  and  natural  gas  must  be 


separately  and  in  cryogenic  liquid  form. 

6  H,/Q./H,0  COMBUSTION  CHAMBER 

This  kind  of  combustion  chamber  is  based  U£ 
on  the  possibility  of  applying  the  H2/0./Hj0 
burner  as  shown  on  Figures  6  and  7, in  which 
hydrogen  and  oxygen  are  injected  continuos- 
ly.  They  are  ignited  by  means  of  a  central¬ 
ly  mounted  spark'torch  igniter.  By  adding 
water,  the  combustion  gas  temperature  is  de 
creased  to  the  desired  steam  value.  The  wa 
ter  is  injected  pulverized  radially  by  means 
of  injection  rings.  In  order  to  minimize  the 
quantity  of  not-condensable  components  in 
the  produced  steam,  02  and  H2  must  be  sup¬ 
plied  very  closely  to  their  stoichiometric 
mixture  ratio  (7.95  as  weight).  The  burner 
is  composed  of  some  segments  to  provide  an 
adequate  water  mixing. 

In  a  previous  study.  Ref.  121,  three  dif¬ 
ferent  configurations, Figure  8, of  the  burner 
were  considered: 

-  A,  with  an  axial  flow  of  the  reactants  and 
the  wall  cooling  water,  with  holes  in  the 
internal  tube; 

-  B,  with  a  flame  tube  to  reduce  the  maxi¬ 
mum  wall  temperature; 

-  C,  with  all  axial  fluid  flows. 

Hydrogen,  oxygen  and  water, to  be  used  to 
reach  a  given  steam  temperature  value  are 
so  deduced.  Approximately,  it  is,  calling 
os,  8  and  y,  respectively,  the  weight  frac¬ 
tions  of  the  combustion  products  GH,-G02, 
of  the  water  injected  gradually,  and  of  the 
hydrogen 

oi  =  (Hs  -  p,Hw)/H1*nc  (1) 

a  +  8  =  1  (2) 

where:  Ht  is  the  entalpy  of  the  gas  produc¬ 
ed  by  the  GH2-G02  combustion;  nc  -  0.98  is 
the  energy  conversion  efficiency  including 
heat  losses.;  s  and  w  mean  superheated  and 
water . 

Combining  (1)  and  (2),  it  is 

6  ^  (H,  *nc  -  ^  )/(H,  -nc  -  H„  )  (3) 

being  Y  =  a/8 . 95  ( 4 ) 

Considering  the  expander  efficiency  n,,  and 
the  reduction  coefficient  r;r(for  taking  into 
account  the  energy  for  accessories),  the  hy 
drogen  fuel  is  used  at  the  overall  thermal 
efficiency 

n  =  Me  'IV  (Hs  -  He  )/yki  (5) 

where  H*  is  the  entalpy  of  the  steam  at  the 
end  of  the  expansion,  and  kj  is  the  low  heat 
of  combustion. 

The  Hj/Oj/H.O  combustion  chamber  has  been 
designed  and  tested  for  application  to  a  clos 
ed  cycle  smail  steam  turbine,  to  be  used  in 
a  non-polluting  automobile  propulsion  system, 
as  in  the  sketch  on  Figure  9,  Ref.s  i3i,j4i 
!  3  !  . 

In  such  application,  admission  and  exhaust 


pressures  and  temperatures  have  chosen,  for 
a  turbine  working  fluid  power  of  100  kW: 

-  Pi  =  70  bar  and  Ts  =  1073  K; 

-  pj  -  0.06  bar  and  T20  -  428  K 

The  results  are  collected  in  the  Table  II. 
(steam  expansion  on  Figure  10) 

TABLE  II  -  Turbine  expander  (100  kW) 


1  Pl 

1) 

(bar) 

70 

1  p? 

2) 

II 

0.06 

T  s 

3) 

!K) 

1073 

Hs 

4) 

(kJ/kg) 

4130 

H, 

5) 

If 

2340 

!  n 

6) 

1  n - (Hs  -  H, ) 

7) 

( kJ/kg) 

1342 

8) 

11 

2787 

TJ0 

9) 

(K) 

428 

r2o 

11) 

(kJ/kg) 

2412 

(H2o  -  H2)  +  r j a 

12) 

It 

2859 

V2„ 

14) 

(m3/kg) 

32.5 

1  n  c 

18) 

0.446 

nt  =  nc  -n 

19) 

0.334 

100  •ri*  (Hg  -  Hj ) 

21) 

(kJ/kg) 

213 

CP 

22) 

(kJ/kg-K 

1.005 

AT 

23) 

(K) 

20 

Qair  =  21 3/Cp  •  AT 

24) 

( kg/s ) 

10.6 

Ap 

25) 

mm  HjO 

20 

Ap/6 

26) 

(m) 

16 

Qair • Ap/ 6 • 0 . 4 • 102 

27) 

(kW) 

4.15 

1  Hu  (at  70  bar) 

23) 

(kJ/kg) 

165 

29) 

"  20626 

nc 

30) 

0.98 

a 

■U) 

0.802 

a 

32) 

0.19781 

y 

33) 

0.022l| 

a  -  y 

34) 

0.198 

lOOOeOO/vtHg-Hj) 

35) 

(kg/h) 

268 

6-268 

36) 

H 

215 

a  •  268 

37) 

II 

53  j 

Y-268 

38) 

II 

5.9  1 

53-5,9 

39) 

11 

47.1 

Ap/6  (LH2 ) 

40) 

(m) 

9862 

Ap/6  (L02) 

41) 

II 

613.5  ! 

Ap/6  (H-O) 

42) 

It 

700  ' 

hpump 

43) 

0.5  ! 

LH  j  ( pump  power ) 

44  ) 

(kw) 

0.318  1 

LO, 

45) 

II 

0.157  ! 

HjO  "  " 

46) 

It 

0.82  ! 

The  numbers  in  the  Table  II  mean: 

-  18:  equivalent  Carnot  efficiency; 

-  19:  real  thermal  efficiency; 

-  21:  condensation  heat  to  be  extracted  frcrn 

the  steam  flow  in  the  air  radiator; 

-  24:  air  flow  of  the  radiator  fan; 

-  25:  air  pressure  loss  across  the  radiator; 

-  26:  fan  total  head; 

-  27:  required  radiator  fan  power. 

The  Hj/Oj/H.O  combustion  chamber  has  been 
realized  for  developping  the  steam  weight 
flow  required  for  the  100  kW  full  power,  as 
shown  on  Figure  11  for  the  real  injection 
head. 

During  the  first  tests  carried  out.  the  fore 


seen  steam  temperature  of  1273  K  has  beenob 
tained,  but  with  some  problems  in  the  flame 
zone.  Through  reception  of  the  heat  of  reac 
tion,  the  water  went  istantaneously  into  the 
steam  phase.  The  remaining  energy  led  to  in 
creased  temperature  of  the  steam  to  the  de¬ 
sired  value.  Through  the  regulation  of  the 
mass  flow  of  gaseous  hydrogen  and  oxygen  and 
of  th6  water,  the  steam  condition  parameters 
(temperature  and  water  content)  and  steam 
quantity  were  reproducibly  adjusted.  They 
could  also  be  temporarily  changed. 

The  steam  generator  apparatus  consists  of 
three  functional  structural  groups:  steam 
generator,  media  contro  unit,  and  electron¬ 
ic  control  system  and  regulator. 

The  steam  generator,  Figure  11  (according 
Figures  6  and  7),  is  the  core  of  the  ar¬ 
rangement.  It  consists  of  the  ignition- , the 
combustion-,  and  the  evaporation  chamber. 

In  the  ignition  chamber  a  eombustable  gas 
mixture  at  low  oxider/ fuel-mixture  ratio  is 
electrically  ignited  by  means  of  a  spark¬ 
plug.  After  conclusion  of  the  ignition  proc 
ess,  the  flame  shifts  to  the  combustion  cham 
ber.  The  residual  oxidizer  is  supplied  to 
the  combustion  process,  to  adjust  the  total 
mixture  ratio  exactly  to  the  stoichiometric 
one.  The  water  to  be  evaporated  is  injected 
radially  through  holes  in  the  rings.  Before 
hand  the  water  passes  through  the  double  man 
tie  of  the  combustion  chamber  and  cools  the 
wall.  In  the  adjoining  evaporation  chamber, 
which  also  serves  to  homogenize  the  steam, 
two  temperature  gages  are  integrated  to  con 
trol  the  steam  temperature  and  to  monitor 
the  apparatus. 

The  media  control  unit  regulates  the  gas  sup 
ply  and  the  water  supply  of  the  system.  A 
pressure  equalizer  keeps  the  supply  pressure 
of  the  gases,  hydrogen  and  oxygen,  equal. 
With  the  help  of  sonic  nezzlo  that  are  in¬ 
stalled  in  the  gas  pipes,  the  stoichiometr¬ 
ic  mixture  ratio  is  achieved.  By  changing 
the  gas  supply  pressure,  the  gas  mass  flow 
rate  change  synchronically  and  linearly,  so 
that  the  mixture  ratio  remains  stoichiometr¬ 
ic.  The  gas  supply  is  adjustable  by  a  pres¬ 
sure  regulator  valve  with  motor  drive.  The 
water  mass  flow  rate  is  provided  by  a  gear 
pump  with  regulated  rotational  speed. 

The  electronic  regulator  and  control  are  re 
alized  on  a  microprocessor  basis,  with  the 
following  functions:  valve  control;  regula¬ 
tion  of  gas  supply  pressure,  e.g.  the  steam 
generator  performance;  regulation  of  water 
supply;  ignition  of  the  gas  mixture;  moni¬ 
toring  of  the  ignition  process;  regulation 
of  the  steam  temperature;  safety  control. 

Hydrogen  and  oxygen  gases  (in  liquid  form 
in  the  actual  application  on  board  of  vehi¬ 
cles)  are  supplied  from  gas  storage  cylin¬ 
ders  to  the  burner  through  a  float  type  flow 
meter  and  a  back  fire  preventer  respective¬ 
ly.  Flow  rates  are  manually  controlled  with 
a  needle  valve  of  the  flow  meter.  In  the  case 
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of  gas  sampling,  a  conical  gas  collecting 
hood  is  put  above  the  burner  and  a  sampling 
probe  is  fixed  at  the  exit  of  the  collect¬ 
ing  hood.  The  sampled  gas  is  pumped  to  gas 
analyzers  after  the  steam  in  the  sampled  gas 
is  removed  with  an  electric  gas  cooler, 
since  much  of  the  sampled  gas  is  steam  and 
is  condensabl h ,  nitrogen  at  a  specified  flow 
rate  is  introduced  inside  of  the  collecting 
hood  as  a  reference  gas.  Concentrations  of 
the  unburned  hydrogen  and  the  unused  oxygen 
are  measured  with  a  chromatograph.  Purity 
of  the  supplied  gas  is  99.99%  for  hydrogen 
and  99.93  for  oxygen  and  nitrogen. 

The  operation  of  the  steam  generator  is  very 
simple,  slrm,  after  the  selection  of  the 
desired  capacity  and  the  steam  temperature, 
the  required  mass  flow  rates  of  the  media 
are  automatically  regulated. The  same  appli¬ 
es  also  for  the  changing  of  the  operating 
parameters.  The  process  steps  are  programm¬ 
able  and  can  be  restored,  so  that,  for  ex¬ 
ample,  steam  temperature/time  are  realized 
without  problem. 

According  to  Ref.  |6|,  an  experimental  ver¬ 
sion  of  an  H,/0; -steam  generator  has  been 
tested  so  far  successfully  at  stearo  pres¬ 
sures  between  40  and  90  bar  as  well  as  tem¬ 
peratures  between  835  and  1225  K  and  ther¬ 
mal  capacities  between  15  and  40  MW,  and  a 
properly  functioning  of  a  non-iinear  state- 
space  feedback  control  concept  for  simulta¬ 
neous  control  of  steam  pressure, temperature 
and  mixture  ratio,  has  been  demonstrated. 

7 _ U./Oi/H.O  COMBUSTION  IN  TURBORAMJETS 

A  satisfactory  launch  speed  might  rapidly 
be  reached  at  relatively  low  altitude  by  a 
turbo-ramjet-rocket  multicycle  missile,  op¬ 
erating  with  the  H./Oj/Hj-O  combustion  cham¬ 
ber  as  on  Figures  6  and  7,  Ref.  |7|. 

Such  kind  of  hybrid  engine  is  enough  flexi¬ 
ble  to  meet  .a  large  variety  of  flight  condi 
tions,  with  speed  as  high  as  Mach  4.  Like 
turbo-ramjet,  this  propulsion  system,  Fig¬ 
ure  12,  using  H;/0;/H;.0  combustion  only  in 
the  boost  phase,  is  arranged  of  course  with 
a  lot  of  inlet  and  exhaust  variable  geome¬ 
tries  . 

A  Hj/0;/Hj0  combustion  chamber  is  used  to  pro 
duce  high  pressure  and  temperature  superheat 
ed  water  steam  during  the  count  down  and 
take-off  phases,  at  variable  injected  wr.ter. 

The  steam  from  the  combustion  chamber  flows 
to  drive  a  turbine  in  a  first  stage  of  ex¬ 
pansion,  while  useful  propulsion  energy  is 
obtained  through  a  variable  geometry  plug 
nozzle.  The  turbine  is  giving  power  to  air 
compressors  in  two  ramjet  ducts  during  their 
take-off  and  acceleration  phases. 
Hydrogen-ait  ramjet  propulsion  is  following 
the  boost  phase. 

Gaseous  hydroqen  GH  and  oxygen  GO,  might  be 
directly  obtained  through  water  electroly¬ 


sis  at  the  launch  site. 

The  most  electrolytic  cells  are  producing 
0.2  Nm3  of  GHj/kWh  (0.0555  Nm'/MJ)  and  0.1 
Nma  of  GO; /kWh  (0.0277  Nm3/MJ),  i.e.,respec 
tively,  With  specific  gravities  0.881  N/Nn 1 
and  14.013  N/Nm5  (0.04896  N/MJ  and  0.38925 
N/MJ).  The  weight  mixture  ratio  for  the  com 
bustion  is  becoming  0 . 3G925/0 . 04896  =  7.95, 
corresponding  about  to  stoichiometric  ratio 
if  all  the  electrolysis  products  are  used. 
Costs  for  producing  gaseous  and  liquid  hy¬ 
drogen  and  oxygen  are  carried  out  in  Ref.s 
111.  14 |  and  | 5 | . 

Energy  need  for  a  modern  electrolyzer  may 
be  at  present  14.45  MJ  for  producing  1  N  of 
GH;  and  7.95  N  of  GO,.  Liquefaction  (L)  may 
require  3.65  MJ  per  1  N  of  LH,  and  0.19  MJ 
per  7.95  N  of  LO; .  Therefore,  the  total  en¬ 
ergy  need  for  gasification  and  liquefaction 
(liquid  form  on  board),  at  atmospheric  pres 
sure,  of  1  N  of  LH,  and  7.95  N  of  LO.  is  a- 
bout  18.49  MJ,  corresponding  to  18.49/8.95= 
2.066  MJ  per  N  of  stoichiometric  (LH2-L03) 
mixture . 

On  the  basis  of  equations  from  (1)  to  (5), 
and  with  the  computational  procedure  in  Ta¬ 
ble  IT,  a  H;/Oj/H2o  combustion  chamber, for 
a  turbo-ramjet  as  in  Figure  12  of  given  per 
formances,  may  be  designed. 
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Fig.  <3  -  Hj/O^/H.O  combustion  chamber  applied  to  a 
closed  cycle  turbine  engine  for  car  pro¬ 
pulsion!  working  fluid  power  100  kW 


Fig.  10  -  Steam  expansion 
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Head  of  the  Hj/0,/Hj0  combustion  chambe 
for  the  100  kW  turbine  of  figure  9 


Fig. 12  -  H./P;/H;0  combustion  chamber 
launch-boost  phase  of  a  turborimjet 
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Discussion 


Question  1.  John  Tilston 

Is  it  possible  to  condense  the  steam  using  liquid  hydrogen  as  it  evaporates  rather  than  using  a  radiator? 

Author's  Reply 

Liquid  hydrogen  or  liquid  oxygen  could  be  used  for  condensing  the  steam  coming  from  the  expansion  turbine,  although  it  is  net 
sufficient  for  conversion  of  the  complete  working  fluid  from  steam  to  water.  However,  the  head  of  the  combustion  chamber  must 
also  be  well  cooled.  However,  I  have  encountered  no  problem  in  burning  hydrogen  and  oxygen  injected  as  liquid  in  the 
combustor,  although  hydrogen  normally  arrives  at  the  head  of  the  combustor  as  a  gas.  I  will  consider  your  suggestion  during  my 
later  tests. 


Question  2.  Dr  L.  Ianovski 

It  is  difficult  to  store  liquid  hydrogen  in  an  aircraft.  Have  you  compared  different  technologies  for  producing  hydrogen,  for 
example,  the  catalytic  water-steam  conversion  of  liquid  hydrocarbons? 

Author's  Reply 

Your  suggestion  could  be  considered  for  hydrogen  production  directly  on  board,  considering  that  large  quantities  of 
hydrocarbon  do  not  need  much  volume  to  transport.  However,  too  much  energy  is  required  to  compress  gaseous  hydrogen. 
Moreover,  oxygen  must  also  be  stored  on  board.  With  electrolysis,  we  get  gaseous  hydrogen  and  oxygen  in  stoichiometric  ratio, 
just  as  needed  for  combustion.  Their  liquefaction  is  well  known  technology. 
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1.  SUMMARY 

A  unique  test  capability  has  been  defined  and  used  at  the 
United  Technologies  Research  Center  to  evaluate  the  tran¬ 
sient  response  of  advanced  gas  turbine  combustors.  This 
UTC  Transient  Combustion  Facility  offers  the  opportunity  to 
achieve  pre-defined  time  variations  of  the  air  and  fuel  flow 
rates  and  air  temperature  delivered  to  a  combustor  model. 
This  capability  can  be  used  for  model  scales  ranging  from 
multi-nozzle  combustor  sectors  to  smaller  setups  focusing  on 
one  component  or  process.  A  dedicated  control  computer 
aids  in  establishing  time  profiles  for  the  input  parameters  and 
automatically  executing  the  transient  test.  Among  its  ap¬ 
plications,  the  facility  has  been  used  to  study  the  occurrence 
of  in-nozzle  fuel  vaporiza'ion  during  Bodic  cycles  and  to  as¬ 
sess  the  tolerance  of  a  fuel-staged  combustor  to  rapid  fuel  re¬ 
distribution. 

2.  INTRODUCTION 

The  aircraft  gas  turbine  engine  continuously  undergoes  op¬ 
erational  transients.  From  the  moment  the  engine  is  ignited, 
and  through  taxi,  take-off,  climb,  cruise,  descent,  and  landing 
of  the  aircraft,  the  engine  is  requested  to  vary  its  thrust  level. 
Often  these  variations  are  accomplished  over  a  long  time  pe¬ 
riod  so  that  the  rate-ef-change  is  small  and  the  engine  is  es¬ 
sentially  operating  in  a  “quasi-steady-process.”  In  such 
instances,  both  the  engine  response  and  the  aircraft  maneu¬ 
vers  arc  smooth'  this  is  a  goal  of  commercial  aircraft  opera¬ 
tion. 

In  other  instances,  the  requested  variations  are  'apid  rates- 
of-change  of  power,  altitude,  and  attitude.  These  conditions 
alone  may  result  in  transient  inputs  to  the  combustor,  or  they 
may  cause  other  engine  components  to  enter  unsteady  opera¬ 
tion  such  as  compressor  stall.  Correspondingly,  the  condi¬ 
tions  approaching  and  within  the  combustor  are  truly 
transient.  While  such  maneuvers  can  be  easily  imagined  for 
high-performance  military  aircraft,  they  can  also  be  encoun¬ 
tered  by  commerc'al  aircraft  during  emergency  avoidance 
procedures.  These  engine  transients  are  not  a  series  of 
steady-states,  but  a  combination  of  coupled,  unsteady  pro¬ 
cesses.  In  the  combustor,  processes  including  fuel  delivery 
and  atomization,  air  flowfield  structuring,  fuel-air  mixing, 
and  combustion  interact  to  determine  the  instantaneous  per¬ 
formance  and  emissions  of  the  burner. 

Traditionally,  the  performance  of  gas  turbine  combustor  sys¬ 
tems  and  components  is  evaluated  only  at  steady-state  condi¬ 
tions.  That  is,  design  point  combinations  of  the  burner  air  and 


fuel  flowrate,  air  temperature  and  pressure  arc  set,  and  com¬ 
bustor  exit  temperature  and  emissions  profiles  are  measured. 
Even  the  stability  evaluation  of  lean  blowout  is  determined 
under  quasi-stssdy  conditions,  with  slow  variations  of  the 
fuel  flow  rate  for  fixed  levels  of  air  flow  rate  and  temperature. 
The  operability  of  the  combustor  -  that  is,  the  tolerance  of 
the  combustor  performance  and  stability  to  rapid  transients 
in  burner  conditions  -  is  evaluated  only  after  completing  the 
development  of  the  totul  engine.  At  this  point  in  the  develop¬ 
ment  cycle,  it  is  difficult  and  costly  to  accomplish  major 
changes  that  overcome  deficiencies.  Sometimes  the  only 
practical  strategy  is  to  contract  the  operating  envelope  of  the 
system  with  an  obvious  loss  in  capability. 

This  situation  is  worse  for  advanced  gas  turbine  combustors 
in  which  processes  are  highly  coupled.  For  example,  accept¬ 
able  performance  of  aerating  fuel  nozzles  relics  upon  main¬ 
taining  a  balance  of  air  and  fuel  momenta  to  achieve 
desirable  atomization  and  distribution  characteristics.  Tran¬ 
sient  flows  may  disrupt  this  balance  and  dramatically  alter  the 
resulting  fuel-air  ratio  distribution  within  the  burner.  Fur¬ 
ther,  combustor  systems  being  considered  to  achieve  low 
emissions  of  NO,  may  employ  fuel  or  air  staging.  The  transi¬ 
tion  through  the  staging  points  during  engine  acceleration  or 
deceleration  roust  be  studied  to  assure  that  burner  operability 
is  preserved. 

The  United  Technologies  Research  Center  ( UTRC),  woi  king 
with  Pratt  and  Whitney  of  the  United  Technologies  Corpora¬ 
tion  (UTC),  has  developed  and  is  using  a  unique  test  capabili¬ 
ty  to  evaluate  the  operability  of  gas  turbine  combustors 
during  transient  events.  The  UTC  Transient  Combustor  Fa¬ 
cility  offers  the  opportunity  to  achieve  controlled  time  varia¬ 
tions  of  combustor  air  and  fuel  flow  rates,  and  air 
temperature  delivered  to  a  combustor  model.  This  paper  will 
describe  the  facility  operation  and  illustrate  its  use  in  evaluat¬ 
ing  operability  issues  encountered  with  advanced  gas  turbine 
combustors. 

3.  TRANSIENT  COMBUSTOR  FACILITY 

3.1  TVanslent  Operation  Goals  and  Flowrates 

The  UTC  Transient  Combustor  Facility  was  conceived  to 
evaluate  the  non-steady-statc  response  of  combusting  or  non¬ 
combusting  systems  when  subjected  to  prescribed,  con'rollcd 
variations  of  the  input  parameters.  In  particular,  it  was  sought 
to  control  the  total  air  and  fuel  flow  rates  and  the  air  tempera¬ 
ture  delivered  to  an  experimental  model.  This  capability  was 
desired  for  mode)  scales  ranging  from  a  multi-nozzle  sector 
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of  a  gas  turbine  combustor  to  an  experimental  setup  focusing 
on  one  component  or  process.  In  the  latter  category,  the 
model  might  contain  a  single  aerating  fuel  nuzzle  or  a  rear- 
ward-facing  step  to  study  the  influences  of  transient  flows  on 
atomization  or  stabilization,  respectively. 

The  facility  and  its  control  system  wer  e  specified  to  achieve 
flow  transients  as  depicted  in  Pig.  1 .  Two  types  of  time  varia¬ 
tion  were  sought:  monotonic  and  oscillatory. 


Fig.  i  Target  Transient  Profile 

The  monotonic  variations,  represented  as  combinations  of 
1 0-msec  duration  linear  segments,  characterize  events  occur¬ 
ring  over  a  nominal  0.5-sec  period  or  longer.  While  the  varia¬ 
tion  during  each  segment  is  monotonic  (e.g.  an  increase  or 
decrease  in  a  flow  rate),  the  combination  of  them  need  not  be 
monotonic  but  could  trace  increasing  and  decreasing  flows. 
As  indicated  below,  the  control  system  updates  its  setpoint 
every  10  msec.  Hence,  variations  on  this  time  scale  are  pos¬ 
sible  for  this  "slow”  mode.  However,  most  large-scale  engine 
transients  follow  specific  time  profiles  over  their  duration. 
The  10  msec  period  permits  50  updates  of  the  flow  setpoint 
during  a  0.5  sec  event,  enabling  a  controlled  transition  during 
it.  Typically,  setpoint  changes  by  a  factor  of  two  arc  accom¬ 
plished  during  a  1-scc  period  which  precisely  track  a  desired 
time  profile.  The  air  and  fuel  flowrates  and  air  temperature 
can  be  controlled  to  follow  such  variations. 

Oscillatory  variations  can  he  achieved  for  air  and  fuel  flow- 
rates  but  not  for  air  temperature.  The  variation  is  prescribed 
by  defining  the  amplitude,  frequency  and  phase-lag 
associated  with  a  cosine  wave  form,  and  a  single  star  *  and  stop 
time  combination  of  the  oscillation.  If  it  is  desired  to  synchro¬ 
nize  air  and  fuel  flow  rate  variations,  'hen  the  maximum  air  or 
fuel  flow  oscillation  is  1(J  Hz.  If  synchronization  is  not  re¬ 
quired  (e.g.  airflow  oscillation  with  constant  fuel  flowrate), 
airflow  oscillation  frequencies  up  to  60  Hz  can  be  accom¬ 
plished  although  at  the  expense  of  an  approximately  50  per¬ 
cent  attenuation  of  the  amplitude.  Typically,  the  amplitude  of 
the  oscillations  can  range  up  to  .'5  percent  of  the  mean.  For 
operation  up  to  a  frequency  of  10  Hz,  no  significant  phase-lag 
or  amplitude  attenuation  is  experienced. 

The  two  types  of  flow  variations  can  be  accomplished  cither 
alone  or  in  combination,  Figure  1  is  an  example  of  a  com¬ 
bined  variation  which  might  simulate  an  engine  deceleration 


k  ading  to  a  stalled  (i.e.  oscillatory)  airflow  entering  the  burn¬ 
er,  The  monotoric  variation  mode  am  be  used  to  produce 
rumps,  steps  or  non-sinusoidal  variations.  Alternatively,  os¬ 
cillatory  variations  of  air  and/or  fuel  flowrates  can  be  re¬ 
quested  for  steady  mean  values. 

The  mode’  scale  and  transient  profile  goals  led  to  defining  a 
test  facility  wkh  the  following  flow  capabilities: 

1 .  Controlled  air  flowrates  to  a  test  model  of  up  to  1 .5  ib/sec 
for  a  225  psia  model  pressure  and  down  to  1  Ib/sccfor  20psia. 

2.  Airflow  heating  to  produce  controlled  temperatures 
ranging  from  300  F  to  8.50  F  at  the  test  model. 

3.  Three  independently  controlled  liquid  fuel  delivery  sys¬ 
tems  with  flowrate  capability  ranging  from  30  FPH  to  300 
PPH  for  two  systems,  and  a  range  of  60  PPH  to  2000  PPH  for 
the  third  system. 

4.  Steam  heating  of  the  fuel  to  produce  a  steady  fuel  tem¬ 
perature  up  to  300  F. 

3.2  TVanslent  Test  Control  System 

A  key  element  of  the  Transient  Combustion  Facility  is  the 
control  system  which  guides  the  setup  and  execution  of  the 
transient  test.  The  control  strategy  is  based  upon,  firstly,  es¬ 
tablishing  a  profile  set  of  the  desired  time  variations  of  test 
model  inputs,  and  secondly,  stepping  through  this  profile  set 
in  10  msec  increments  to  send  new  target  signals  to  the  hard¬ 
ware  responsible  for  achieving  the  flows  (depicted  in  Fig.  2). 
The  control  computer  storage  permits  executing  transient 
tests  with  a  total  duration  of  30  sec. 


Set  point  profile 


Fig.  2  Transient  Control  Logic 

Five  profiles  constitute  thesetfot  a  desired  transient  test,  one 
each  for  air  flowrate  and  temperature,  and  three  for  the  fuel 
flowrates.  As  described  above,  the  profiles  for  air  or  fuel  flow- 
rate  can  consist  of  combined  inonotufiic  and  oscillatory  tran¬ 
sients,  The  monotonic  portion  of  each  profile  is  defined  hy  up 
to  45  coordinate  pairs  of  time  and  flowrate.  The  pairs  do  not 
have  to  be  incremented  by  the  10  msec  setpoint  update  peri¬ 
od;  setpoints  are  determined  every  10  msec  by  linear  inter¬ 
polation  between  sequential  coordinate  pairs,  The  oscillatory 
portion  of  a  profile  is  described  by  its  amplitude  and  frequen¬ 
cy.  The  monotonic  and  oscillatory  portions  are  added  to  form 
the  total  profile  for  air  or  fuel  flowrate.  The  air  temperature 
profile  can  consist  only  of  a  monotonic  profile. 
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A  typical  transient  test  consists  of  establishing  a  steady-state 
condition  matching  the  initial  conditions  of  the  transient,  fol¬ 
lowed  by  a  computer-controlled  stepping  through  the  set- 
point  profile  set.  Every  10  msec,  new  targets  for  air  flowrate, 
fuel  flowrate  and  air  temperature  are  established  and  ser.t  to 
the  control  hardware  tor  closed-loop  control.  As  described 
below,  the  air  flowrate  control  is  achieved  by  using  measured 
air  pressure  and  temperature  conditions  to  determine  the  an 
appropriate  flow  area,  and  positioning  a  pintle  in  a  venturi  to 
achieve  the  area.  Fuel  flowrate  control  is  achieved  by  actuat¬ 
ing  a  valve  until  the  metered  flowrate  equals  the  target.  The 
air  temperature  control  is  achieved  indirectly  The  tempera¬ 
ture  profile  is  translated  into  a  heater  fuel  flowrate  profile  us¬ 
ing  thonnochemistiy  and  heat  loss  considerations.  The 
profile  is  shifted  in  time  to  account  for  the  convection  time 
delay  from  the  heater  to  the  test  model.  This  two-step  transla¬ 
tion  of  the  air  temperature  profile  occurs  automatically  dur¬ 
ing  a  brief  period  once  the  transient  test  has  been  initiated. 

3.3  Airflow  Control  System 

An  airflow  system  capable  of  delivering  controlled  ramp,  os¬ 
cillatory  or  combined  ramp- oscillatory  transient  airflow  to  a 
test  model  has  been  acquired.  Consideration  of  the  above 
system  goals  led  to  specifying  a  system  with  the  following  fea¬ 
tures  as  depicted  in  Fig.  3  and  4: 


1.  A  propane-fired,  vitiating  air  heater  is  used  to  achieve 
the  desired  test  section  inlet  air  temperature.  Replenishment 
oxygen  is  added  upstream  of  the  heater  to  achieve  an  oxygen 
mole  fraction  of  21  percent  in  the  gas  delivered  to  the  com¬ 
bustor  model.  During  a  test,  the  pressure  in  the  heater  re¬ 
mains  constant.  The  heater  fuel  flowrate  can  be  ramped  to 
achieve  a  changing  air  temperature  using  a  closed-loop  con¬ 
trol  valve-flow  meter  system. 

2.  The  heated  air  is  delivered  to  a  plenum  which,  in  turn, 
supplies  the  test  model  airflow.  An  axisymmetric  venturi, 
sized  to  operate  choked,  is  located  between  the  heater  and 
the  plenum  to  both  isolate  the  heater  from  plenum  pressure 
variations  and  to  acoustically  define  the  plenum  volume. 
Since  this  venturi  is  choked  and  the  heater  pressure  is  held 
constant,  the  heater  air  flowrate  varies  inversely  with  the 
heater  exit  temperature. 

3.  The  airflow  to  the  combustor  model  is  metered  by  a  two- 
dimensional  venturi  containing  a  variable-position  pintle 
centerbody.  The  pintle  is  always  positioned  to  assure  choked 
flow  to  the  model.  This  condition  establishes  a  clear  upstream 
boundary  condition  to  the  test  model.  Ramp  and  oscillatory 
combustor  airflow  rates  are  achieved  by  re-positioning  the 
pintle  in  the  venturi. 
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Fig.  4  Transient  Combustor  Airflow  Paths 
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In  an  attempt  to  minimize  pressure  oscillations  in  the  ple¬ 
num,  an  identical  two-dimensional  venturi-pintle  system  ex¬ 
hausts  a  bypass  flow  from  the  plenum.  The  combustor  pintle 
and  bypass  pintle  are  always  actuated  out-of -phase  and  with 
equal  displacement  to  provide  a  constant  total  flow  area 
througn  the  venturi  pair.  Note  that  the  equal  displacement 
guideline  is  not  as  stringent  as  specifying  that  the  two  areas 
vary  over  the  same  absolute  range  (i.e,  both  having  the  same 
mean  area);  only  the  change  in  area  must  be  compensated. 
This  feature  is  useful  to  tailor  the  total  airflow  to  the  desi.ed 
transient  test.  For  example,  the  air  heater  may  not  operate 
stably  at  a  very  low  air  flowrate.  Hence  for  a  low  test  model  air 
flowrate,  the  bypass  airflow  can  be  set  sufficiently  high  to 
raise  the  total  flowrate  and  assure  stable  heater  operation. 

Each  pintle-venturi  system  consists  of  a  two-dimensional 
venturi  with  a  wedged-shaped  pintle  (Fig.  5).  Airflow  ap¬ 
proaches  along  the  constant  height  portion  of  the  pintle  and 
passes  through  the  minimum  flow  area  (i.e.  throat!  at  the 
pintle  shoulder.  The  dimensions  and  angles  of  the  pieces 
were  specified  to  achieve  a  desired  range  of  flowrates  while 
retaining  adequate  positioning  sensitivity  when  driving  the 
pintle  for  low  flowrate  variations.  The  throat  will  always  oc- 
cu.  upstream  of  the  minimum  venturi  body  height.  The  diver¬ 
gence  angle  of  the  venturi  body  and  the  apex  angle  of  the 
pintle  were  specified  to  assure  a  diverging  flow  area  down¬ 
stream  of  the  shoulder.  Assuming  a  plcnum-to  combustor 
pressure  ratio  of  1 .3,  the  minimum  flow  goal  implied  a  nomi¬ 
nal  flow  area  of  1 .5  in2.  To  assure  adequate  positioning  sensi¬ 
tivity,  it  was  desired  to  require  a  0.1  in.  pintle  movement  to 


a)  PINTLE 


b)  PINTLE- VENTURI  ENGAGEMENT 

Fig.  5  Pintle-Venturi  System 


achieve  a  10  percent  change  in  this  area.  This  requirement 
w  as  equivalent  to  achieving  a  linear  area  change  of  t  .5  in2  per 
inch  of  pintle  travel.  As  fabricated,  the  venturi  width  is  0.010 
in.  with  a  half  angle  convergence  of  4.8  degrees.  Together 
these  dimensions  yield  an  area  change  of  1.51  in2  per  inch  of 
travel.  The  minimum  venturi  height  is  1 .360  in.  and  the  maxi¬ 
mum  pintle  thickness  is  1.340  in.;  the  minimum  pintle  area  is 
0.180  in2.  Each  pintle  is  driven  by  a  hydraulic  actuator  with  a 
6-in.  stroke.  The  maximum  pintle  area  is  nominally  9.0  in2, 
which  is  consistent  with  the  airflow  goal  at  a  high  inlet  air  tem¬ 
perature  and  low  rig  pressure.  Each  pintle  is  guided  with  im¬ 
pregnated  bronze  oars  along  the  venturi  centerline.  Holes 
were  bored  into  each  pintle  to  reduce  its  mass. 

The  two  venturi-pintle  systems  are  contained  within  the  ple¬ 
num  on  a  fixture  designed  to  minimize  the  effects  of  assembly 
and  thermal  growth.  As  depicted  in  Fig.  4,  the  two  venturi  bo¬ 
dies  are  mounted  to  a  cage  structure  which  is  bolted  to  the 
head  end  flange  of  the  plenum;  each  pintle  is  driven  on  a  shaft 
through  this  flange.  This  fixture  was  designed  and  toleranced 
to  assure  a  quality  alignment  of  each  pintle  in  its  venturi.  The 
venturi  docs  not  attach  to  the  downstream  plenum  flange;  a 
sliding  seal  is  accomplished  by  use  of  packing.  By  using  a  com¬ 
mon  fixture,  the  extent  of  pintle  engagement  in  the  venturi  is 
not  dependent  on  assembly  factors  such  as  bolt  torque  or  gas¬ 
ket  crush.  Additionally,  the  cage  bars  produce  a  thermal 
growth  in  the  venturi  location  similar  to  that  expected  for  the 
pintle  drive  shaft. 

The  dynamics  of  the  pintles  were  evaluated  in  specifying  the 
actuation  mechanism.  The  required  pintle  acceleration  and 
force  for  candidate  oscillations,  and  aerodynamic  load  (i.e. 
pintle  drag)  for  particular  operating  conditions  were  com¬ 
puted.  These  analyses,  and  the  consideration  of  the  desired 
linear  velocity  and  stroke  for  a  pintle,  led  to  obtaining  a  hy¬ 
draulic  actuation  system  rated  at  60  GPM  at  3000  psi.  This 
sysiem,  with  a  60  gal  tank,  was  sufficient  to  satisfy  the  flow  and 
force  requirements  of  the  two  pintle  systems  and  the  surge 
valve.  A  later  evaluation  of  a  particular  surge  transient  indi¬ 
cated  that  greater  aerodynamic  pintle  forces  might  be  en¬ 
countered.  A  pneumatic  booster  consisting  of  a  3.5-in.  dia 
piston  contained  in  a  cylinder  was  added  to  each  pintle  shaft 
outside  the  plenum.  The  cylinder  is  pressurized  by  the  ple¬ 
num.  Then  while  aerodynamic  force  acts  to  engage  the  pintle 
into  the  venturi,  the  booster  applies  an  opposing  force  to  the 
shaft  to  offset  the  pintle  drag. 

Each  pintle  is  driven  by  a  Moog  A085  scrvoactuator  (1.1  in2 
area,  6  in,  stroke)  with  the  hydraulic  flow  regulated  by  a  Moog 
760-104A  servovalve.  The  system  employs  closed-loop  con¬ 
trol  for  actuator  position  by  use  of  a  linear  variable  differen¬ 
tial  transformer  (LVDT)  for  position  sensing.  The  LVDT  is 
excited  and  itssig  ul  conditioned  by  a  Moog  oscillator/dcmo- 
dulator  (FI  23-204)  which  is  fed  to  a  Moog  servoamplifier 
(FI  22-202).  In  operation,  an  instantaneously  desired  venturi 
area  is  computed  from  the  setpoint  air  flowrate  and  measured 
plenum  conditions.  This  area  is  translated  (by  use  of  an  area- 
voltage  calibration)  to  a  pintle  position  target  signal  which 
ranges  between  -10  VDC  to  +10  VDC.  The  target  is  scut 
front  the  control  computer  to  the  servoamplifier  which  com¬ 
mands  the  servovalve  to  alter  the  hydraulic  flow  until  the 
l.VDT  feedback  matches  the  target  position.  A  Hewlett  Pack- 
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aril  dynamic  analyzer  was  used  to  characterize  the  response 
of  the  pintle  system.  In  these  tests,  the  analyzer  delivered  a 
fixed  amplitude,  sinusoidal  voltage  to  the  servoamplifier 
which  began  at  0.1  Hz  and  slowly  increased  until  the  test  was 
completed.  The  l.VDT  feedback  was  received  by  the  analyzer 
to  determine  the  amplitude  attenuation  and  phase-lag  as 
compared  to  the  target  signal.  Figure  6,  taken  from  Ref.  1,  de¬ 
picts  attenuation  and  phase-lag  traces  for  a  test  with  the  com¬ 
bustor  pintle  system.  The  -3  dB  bandwidth  was  55  Hz;  the 
system  response  up  to  the  10  Hz  range  of  interest  is  sufficient 
to  reliably  produce  controlled,  oscillatory  airflow  transients. 


ity  were  specified  for  delivery  of  a  liquid  propane  volume 
flowrate  of  up  to  4.2  GPM  at  a  pressure  drop  of  100  psid.  The 
electronic  module  provides  closed-loop  control  tor  flowrate 
at  the  valve.  That  is,  a  target  voltage  corresponding  to  the  de¬ 
sired  flow  is  delivered  to  the  module.  The  feedback  signal 
from  the  flowmeter  is  compared  with  the  target,  with  the  dif¬ 
ference  causing  the  solenoid  to  alter  the  valve  capacity  until 
the  difference  (or  "error”)  is  nulled. 


ELECTRONIC  MODULE 


Fig.  6  Airflow  Pintle  Dynamics 


Fig.  7  Fuel  Control  System 


4.  An  exhaust  flow  can  be  used  to  promote  a  periodic,  re¬ 
verse  flow  in  the  test  model.  This  flow  stream  originates 
downstream  of  the  combustor  venturi  but  upstream  of  the 
model.  The  valve  (identified  as  the  Surge  valve)  can  be  actu¬ 
ated  at  the  same  frequency  but  out-of-phase  with  the  combus¬ 
tor  pintle.  Hence  when  the  delivery  of  combustor  airflow  is 
minimized,  the  exhausting  flow  is  maximized. 

The  surge  valve  is  a  hydraulically-actuated,  8-in.  butterfly 
valve  with  a  maximum  flow  coefficient  (Cv)  of  2245.  The 
valve  is  driven  by  an  ExCello  rotary  actuator  fed  by  a  Moog  78 
series  servovalve.  A  potentiometer  on  the  valve  shaft,  sup¬ 
ported  by  UTRC-designed  electronics,  provides  a  feedback 
signal  to  another  Moog  servoamplifier  to  achieve  closed-loop 
control  of  the  surge  valve  angular  position.  The  dynamic  re¬ 
sponse  of  this  valve  was  also  investigated  using  the  Hewlett- 
Packard  Dynamic  . .  lalyzer  and  found  to  have  acceptable 
amplitude  and  phase  characteristics. 

3.4  Air  Heater  Control  System 

The  a  ir  heater  fuel  control  system  was  obtained  from  Marolta 
Scientific  Controls,  Inc.  and  consisted  of  a  LV53  A  valve,  a  Ra- 
mapo  Mark  V- 1/2  flowmeter,  and  an  electronics  control  mod¬ 
ule  (Fig.  7).  The  valve,  an  adaptation  of  a  standard  Marotta 
product,  is  an  electrically-operated,  4-way  proportional  flow 
control  device  It  uses  a  integrally-mounted  solenoid  valve  to 
vary  the  instantaneous  flow  capacity  of  the  valve.  The  flow¬ 
meter  employs  a  target  mounted  on  a  cantilever  beam  in  the 
flow  stream.  The  measured  strain  in  the  beam  provides  an  in¬ 
dication  of  the  drag  on  the  target  and,  for  known  liquid  densi¬ 
ty,  an  imposed  flow  velocity.  This  meter  has  the  shortest 
response  time  of  devices  considered,  with  a  quoted  full  re¬ 
sponse  to  a  step  change  in  2  msec.  The  valve  and  meter  capac- 


A  simple  two-tier  oxygen  flow  control  was  defined  and  used 
with  the  Transient  Combustion  Facility  to  supply  the  heater 
replenishment  oxygen.  In  this  approach,  a  fixed,  gaseous  oxy¬ 
gen  supply  pressure  is  available  to  tvo  parallel  paths.  Each 
path  contains  a  orifice  sized  to  operate  choked;  one  path  also 
contains  a  shut-off  valve.  The  line  without  the  valve  is  termed 
the  low  flow  path,  and  the  valved  line  is  termed  the  high  flow 
path.  If  the  temperature  increases  with  time,  the  propane 
flowrate  is  ini  ially  low  and  only  the  low  oxygen  flow  path  is 
active;  the  valve  is  Josed.  When  the  control  computer  deter¬ 
mines  that  the  propane  flow  has  exceeded  a  threshold,  the 
valve  is  opened  to  also  deliver  through  the  high  flow  oxygen 
line .  Appropriate  combinations  of  supply  pressure  and  orifice 
sets  adequately  match  the  replenishment  oxygen  flowrate  to 
the  propane  flowrate  for  a  transient  test. 

3.5  Test  Model  Fuel  Control  System 

The  test  model  fuel  control  system  consists  of  three,  inde¬ 
pendently-controlled  liquid  fuel  systems  containing  hard¬ 
ware  similar  to  that  contained  in  the  heater  fuel  control 
system.  Each  contains  a  Marotta  LV53a  control  valve,  a 
strain-gauge  based  flowmeter,  and  an  electronics  module. 
Tvo  of  the  systems  contain  flowmeters  with  a  range  of  30-300 
PPH  with  the  third  system  flowmeter  sized  for  60-2000  PPH. 
Again,  the  electronic  module  provides  closed-loop  control  of 
each  flow  at  the  valve  as  depicted  in  Fig.  7.  The  module  re¬ 
ceives  the  control  system  target  voltage,  compares  it  with  the 
flowmeter  feedback,  and  sends  an  error  signal  to  the  control 
valve  to  cause  it  to  achieve  the  desired  flowrate.  The  system 
response  is  capable  of  tracking  a  10  Hz  sinusoidal  oscillation 
without  significant  phase-lag  or  amplitude  attenuation.  A 
steam-fed  heat  exchanger  is  located  in  the  fuel  systems  down¬ 
stream  of  the  control  devices.  Constant  fuel  temperatures  up 
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Fig.  8  Water-Cooled  Exhaust  Valve 


to  approximately  300  Fean  he  maintained  even  for  large  vari¬ 
ations  m  the  delivered  flowrate. 

2.6  Test  Model  Requirements 

It  is  important  to  realize  that  in  order  to  study  the  transient 
response  of  a  particular  system,  the  system  dynamics  must  he 
preserved  hot  example,  to  study  the  transient  response  of  a 
eomhustor,  the  burner  must  he  contained  in  a  volume  repre¬ 
sentative  of  the  aetual  application.  This  consideration  le- 
quircs  that  the  test  model  ease  matches  the  eomhustor  ease, 
anti  that  inlet  and  exit  Hows  are  acoustically-isolated  fr-mt  the 
environment.  Tests  of  a  can  eomhustor  in  a  cylindrical  ease 
can  satisfy  the  volume  requirement  while  offering  a  structure 
easily  suitable  lor  high  pressure.  Sector  combustors  must  he 
contained  in  a  high  pressure  sector  ease.  The  common  prac¬ 
tice  used  tor  steady-state  testing  of  providing  false  walls 
around  a  combustor  sector  to  deline  the  How  path,  and  then 
mounting  the  assembly  in  a  cylindrical  pressure  vessel,  is  un¬ 
acceptable  for  transient  testing;  the  response  will  likely  to|- 
low  the  transient  behavior  of  the  pressure  vessel. 

Achieving  acoustic  isolation  at  the  test  model  boundaries  is 
also  important  to  obtain  the  transient  response  of  the  model 
t  he  Transient  Combustion  Facility  provides  upstream  isola¬ 
tion  through  the  use  of  choked  pintlc-vcntur:  systems,  The 
test  conditions  and  model  hardware  should  provide  the 
means  to  achieve  a  choked  flow  condition  at  the  exit  also.  A 
water-cooled,  two-dimensional  exhaust  valve  is  available 
with  the  Transient  Combustion  Facility  to  achieve  the 
ehoked-flow  boundary  condition  for  combustor  sector  mod¬ 
els  (I'll!  K).  The  valve  consists  ot  a  housing  with  a  3.7-in.  by 
1 2  H-m  i  ect angular  opening  for  the  exhaust  How.  and  up  to  1(1 


vane-shaped,  cooled  pylons.  The  pylons  mount  to  rails  in  the 
housing  and  can  be  arbitrarily  spaced  across  the  opening; 
fewer  pylons  can  be  used.  Each  pylon  has  a  wedge  cross-sec¬ 
tion  which  establishes  a  series  of  minimum  area  slots  lor  the 
flow  One  version  ot  the  pylon  contains  four  ports  to  accept 
total  pressure  or  temperature  instrumentation.  The  ports 
have  a  (I. Ib-in.  II)  and  arc  equally-spaced  over  the  central 
2.0-in.  of  the  pylon. 

4.  TRANSIENT  COMBUSTOR  STUDIES 

The  UTC  Transient  Combustion  Facility  lias  been  evaluated 
to  verify  its  capability  to  deliver  controlled  time -variations  of 
air  and  fuel  flowrate  and  air  temperature  to  a  combustor 
model  (Ref.  I ),  and  has  been  used  to  study  the  transient  re¬ 
sponse  of  cis  tui bine  combustor  sector  models  Two  applica¬ 
tions  will  be  described:  the  effect  of  transient  fuel  heating  in 
the  stem  of  an  aerating  fuel  nozzle;  and  the  evaluation  of  a 
fuel-staged  eomhustor  during  a  cycle  passing  through  its  stag¬ 
ing  point.  The  former  was  part  of  part  of  a  ITS  Navy  sponsored 
effort  with  Pratt  &  Whitney,  ( il'SP  ( Kefs.  2  and  3 ),  while  the 
latter  is  part  of  eomhustor  research  and  development  activity 
within  UTC. 

4.1  Verification  of  Capability 

The  capabilities  ot  the  Transient  Combustion  Facility  have 
been  veritieii  in  testing  performed  at  I  I  RC  i  iiese  capabili¬ 
ties  are  well  illustrated  by  the  tesults  Imm  an  ambitions,  iso¬ 
thermal  an  flowrate  transient  Dining  this  icst,  the  airflow 
delivered  to  a  re  .ponsive  model  combustor  began  at  a  steady 
flowrate  of  III  lb  see.  and,  in  sequence,  was  linearly  reduced 
to  5  lb  see  in  !  see,  held  constant  loi  HA  see.  oscillated  with  2s 
percent  amplitude  at  5  Uz  loi  I  see,  held  constant  lor  It .5  see. 


and  stepped  hack  to  the  original  10  ih/sec.  Figure 9  presents 
the  pressure  histoty,  acquired  at  approximately  a  1  kHz  rate 
by  a  transient  digital  recorder  (TDR),  during  the  transient 
airflow  profile.  Every  temporal  flow  feature  of  the  airflow  was 
achieved.  The  deceleration  ramp  was  specified  only  by  i‘s 
endpoints,  but  during  execution  it  consisted  of  100  segments 
(10  msec  duration)  to  assure  a  linear  reduction.  The  dwell 
and  oscillation  periods,  and  oscillation  frequency,  matched 
the  profile.  The  step  change  began  abruptly  and  tracked  the 
characteristic-time  response  of  the  model  combustor.  Re¬ 
sults  such  as  these  established  that  the  UTC  Transient  .Com¬ 
bustion  Facility  had  the  capability  to  uniquely  study 
non-steady-statc  flow  phenomena. 


Fig.  9  TDR  Record  of  Ambitious  Airflow  Variation 


4.2  Transient  Fuel  Heating  in  an  Aerating  Fuel  Nozzle 

Gas  turbine  fuel  nozzles  arc  required  to  inject  fuel  over  the 
wide  flow  range  that  satisfies  idle  to  sea-level  takeoff  power 
requirements.  Throughout  this  range,  finely-atomized  and 
spatially-distributed  sprays  must  he  produced.  The  aerating 
fuel  nozzle  satisfies  these  demands  by  using  airflow  momen¬ 
tum  to  control  the  spray  quality.  The  fuel  flow  pressure  loss  is 
low  and,  hence,  the  fuel  pressure  in  the  nozzle  is  essentially 
equal  to  the  burner  pressure.  This  situation  is  in  contrast  to 
that  existing  in  a  pressure-atomizing  fuel  nozzle.  Tliis  design 
uses  the  high  momentum  produced  by  high  fuel  flow  pressure 
loss  across  the  nozzle  tip  to  atomize  and  distribute  the  flow; 
the  fuel  pressure  in  the  nozzle  greatly  exceeds  the  burner 
pressure. 


An  important  aspect  of  the  fuel  nozzle  design  is  its  ability  to 
limit  the  temperature  rise  of  the  fuel  flowing  within  it,  'flic 
temperature  of  the  fuel  delivered  to  a  nozzle  is  often  greater 
than  25')  F  because  of  its  use  as  a  heat-sink  for  otlim  engine 
systems.  Any  additional  fuel  heating  is  undesirable  in  order  to 
avoid  temperatures  which  promote  fuel  coking.  The  nozzle 
support  stem  is  immersed  in  high  temperature  combustor  in¬ 
let  airflow.  Heat  ‘  hicldingand  insulation  in  the  stem  limit  the 
heat  transfer  to  the  fuel;  while  flowing,  the  fuel  tempeiature 
rise  is  minimal.  Similarly,  heat  shielding  is  used  in  the  head  of 
an  aerating  fuel  nozzle  to  limit  fuel  heating  from  the  atomizer 
airflow. 

Operability  concerns  may  exist  for  rapid  fuel  heating  such  as 
encountered  when  the  fuei  flowrate  rapidly  decreases  to  a  low 
value  in  a  snap-decel  maneuver.  In  this  instance,  the  heat 
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transfer  through  the  nozzle  body  to  the  fuel  would  he  high 
while  the  flowrate  v'ould  be  low;  high  fuel  heating  rates  might 
he  encountered  For  sufficient  heating  mid  low  fuel  pressure , 
the  fuel  would  vapotizc  and  displace  the  liquid  from  the 
nozzle.  If  this  event  is  followed  by  a  rapid  accel,  the  vapor 
might  collapse  and  interrupt  the  fuel  delivery  into  the  com¬ 
bustor,  promoting  a  blow-out.  Fuel  vaporization  would  be 
more  likely  to  occur  in  an  aerating  nozzle  than  in  a  pressure 
atomizer  because  of  the  lower  fuel  pressure  encountered  in 
the  nozzle  stem. 

Transient  combustor  tests  were  performed  as  part  of  a  US 
Navy  sponsored  s.udy  to  determine  burner  conditions  and 
nozzle  configurations  which  result  in  a  blow-out  during  a  de- 
eel-acce)  sequence  (also  known  as  a  “Bodic”).  A  four  nozzle, 
advanced  combustor  sector  was  used;  the  sector  was  modified 
to  admit  excess  airflow  into  its  corners  to  eliminate  preferen¬ 
tial  flameholding.  Inlet  air  flowrate  and  temperature,  fuel 
flowrate  and  temperature,  and  burner  pressure  and  exit  tem¬ 
perature  were  measured  at  a  30  Hz  data  rate.  Tests  were  per¬ 
formed  using  cither  single-flow  (one  low  pressure  drop  fuel 
passage)  or  dual-flow  (one  low  pressure  drop  passage,  one 
high  pressure  drop  passage)  nozzler..  The  test  fuels  were  JP4 
and  JP5  heated  to  300  F. 

Each  test  consisted  of  a  sequence  of  three  Bodic  cycles  (Fig. 
10).  For  each,  the  burner  air  and  fuel  flowrates,  and  air  tem¬ 
perature,  began  at  a  steady  high-power  level.  In  the  first 
cycle,  each  of  these  parameters  was  synchronously  ramped  to 
a  low-power  level  in  1  second,  held  at  this  level  for  2  seconds, 
and  ramped  back  to  the  high  power  level  in  again  1  second.  At 
low  power,  the  air  and  fuel  flowrates  were  40  percent  and  60 
percent  respectively,  of  the  high-power  condition.  The  se¬ 
cond  cycle  began  after  a  2  second  hold  at  the  high-power  lev¬ 
el.  This  cycle  was  similar  to  the  first  except  that  the  air  and 
fuel  flowrates  at  the  low-pm  or  condition  were  only  30  per¬ 
cent  and  40  percent,  respectively,  of  the  high-power  levels. 
The  third  cycle  achieved  the  same  parameter  values  as  the  se¬ 
cond  cycle,  except  the  air  temperature  remained  at  the  high- 
power  level  into  the  low-power  plateau.  These  three  cycles 
progressively  offered  more  favorable  conditions  for  the  oc¬ 
currence  of  fuel  vaporization  in  the  nozzle.  Cycle  2,  with  its 
lower  flowrates,  pioduecd  a  lower  burner  pressure  than  Cycle 
1,  and  Cycle  3  promoted  fuel  heating  at  this  condition  by  ex¬ 
tending  the  time  period  of  nozzle  exposure  to  high  tempera¬ 
ture  inlet  air.  Figure  10  is  a  data  trace  of  these  transient  input 
parameters  and  illustrates  that  these  three  synchronized 
cy  cles  weic  faithfully  produced  by  the  Transient  Combustion 
Facility. 

Data  from  tests  using  JP4  fuel  for  combustors  configured  witli 
e'ithcr  the  dual-flow  nozzles  (Fig.  1 1)  or  single-flow  nozzles 
(Fig.  12)  illustrated  the  consequences  of  in-no/zle  fuel  vapor¬ 
ization  (Ref.  2  and  3).  Both  figures  trace  the  measured  burn¬ 
er  pressure;  the  transient  air  flowrate  is  included  as  a 
reference  to  the  cycles.  For  test  using  the  dual-flow  nozzles 
(Fig.  11),  the  burner  pressure  recovered  to  the  high-power 
level  (following  the  low-power  excursion)  for  each  cycle.  In 
contrast,  the  burner  pressure  did  not  recover  following  the 
low-power  dwell  of  Cycle  2  in  tests  using  the  single-flow 
nozzles  (Fig.  12)  indicating  a  combustor  blowout. 
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Fig.  10  Three  Cycle  Bodie  Transient 


Fig.  1 1  Combustor  Response  U*  Bodie  Cycles  with 
Dual  Passage  Fuel  Nozzles 


Fig.  12  Combustor  Response  to  Bodie  Cycles  with 
Single  Passage  Fuel  Nozzles 


The  blowout  during  the  test  with  the  single-flow  nozzles  re¬ 
sulted  from  a  momentary  interruption  of  the  fuel  flow  in 
jeoted  into  toe  combustor.  During  the  low-power  dwell, 
in-nozzlc  fuel  vaporization  of  the  volatile  JP4  occurred  in  the 
low  fuel  pressure  circuit  of  this  aerating  nozzle  and  displaced 
die  liquid  fuel;  vaporized  fuel  was  being  injected  into  the 
burner.  At  the  beginning  of  the  accel.tbc  liquid  fuel  delivered 
to  the  nozzles  rc-prcssurized  the  vapor  and  collapsed  it.  The 
time  period  required  to  restore  the  injection  of  liquid  fuel  into 
the  burner  represented  an  interruption  in  fuel  flow.  In  con¬ 
trast,  the  primary  (high  pressure  drop)  circuit  of  the  dual-flow 
nozzle  sustained  high  fuel  pressure  and  prevented  vaporiza¬ 
tion.  This  sequence  was  as  predicted  by  TRANS1,  a  time  de¬ 
pendent,  lumped  parameter  model  of  a  combustor  (Ref.  2) 
developed  at  Pratt  and  Whitney/GESP.  In  other  tests,  com¬ 
bustors  fueled  with  JP5  did  not  blowout  with  either  nozzle 
(Ref.  3).  In  this  case,  neither  low  fuel  pressure  nor  longer  ex¬ 
posure  to  high  temperature  inlet  airflow  was  sufficient  to  pro¬ 
mote  the  vaporization  of  this  less  volatile  fuel. 

4.3  Staged  Combustor  Transients 

Modern  combustor  concep's  seek  to  minimize  emissions  such 
as  NO,  over  a  wide  range  of  operating  conditions,  One  strate¬ 
gy  for  reducing  NO,emissions  involves  fuel  staging.  In  a  fuel- 
staged  combustor,  there  are  multiple  stages  (two  in  this  case) 
of  fuel  injectors,  If  only  one  stage  of  fuel  injection  were  used 
at  high  engine  power  levels,  the  fuel/  air  ratio  in  the  primary 
combustion  zone  could  load  to  temperatures  high  enough  to 
form  significant  amounts  of  thermal  NO,.  The  fuel  staging 
stiategy  seeks  to  solve  this  problem  bv  distributing  the  fuel 
more  evenly  throughout  the  combustor  at  high  power,  so  that 
the  local  peaks  of  fuel  /  air  ratio  (and  therefore  temperature) 
arc  greater  in  number  but  significantly  lesser  in  magnitude. 
At  low  power  levels,  the  combustor  would  operate  on  one 
stage  only,  so  that  the  lean  stability  characteristics  of  a  non- 
staged  combustor  would  be  maintained  (primary  zone  tem¬ 
peratures  at  low  power  are  low  enough  so  that  only  minimal 
NO,  is  formed). 

If  the  combustor  operates  on  one  zone  at  low  power ,  but  two 
zones  at  high  power,  this  implies  that,  as  the  engine  acceler¬ 
ates,  the  combustor  must  make  a  smooth  transition  from  onc- 
stage  to  two-stage  operation.  During  this  transition,  the  sec¬ 
ondary  stage  must  be  lit  off  without  affecting  the  engine  per¬ 
formance  in  any  way.  Conversely,  there  must  be  a  point 
during  deceleration  at  which  the  secondary  zone  is  turned  off. 
Not  only  is  a  fueled  zone  of  the  combustor  being  turned  on 
and  off.  but  fuel  is  being  shuttled  hack  and  forth  between  in¬ 
jection  zones,  depending  upon  the  rate  of  increase  of  engine 
power  level.  The  operability  and  performance  of  the  combus¬ 
tor  as  it  proceeds  through  these  staging  points  are  of  crucial 
importance,  For  example,  if  one  zone  is  too  lean  because  it 
only  receives  5%  of  the  to*al  fuel  flow,  it  may  blow  out,  lead¬ 
ing  to  a  5%  decrement  in  combustion  efficiency,  and  a  de¬ 
crease  in  engine  thrust.  Staging  schedules  must  account  for 
the  transient  flight  profiles  of  air  flow  and  total  fuel  flow  and 
also  for  the  split  of  the  fuel  flow  between  the  two  zones  at  all 
points  in  the  operating  envelope. 

For  each  transient  flight  event,  the  air  flow,  total  fuel  How  and 
air  temperature  profiles  follow  a  fixed  path,  dependent  upon 
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the  nature  of  the  flight  maneuver.  The  staging  strategy  deter¬ 
mines  how  the  fuel  flow  is  split  between  the  two  zones  at  any 
power  level.  It  determines  the  point  at  which  staging  starts, 
and  the  rate  at  which  fuel  is  shuttled  between  zones  as  the 
power  level  changes  within  the  two-zor.e  regime.  Staging 
schedules  must  be  evaluated  based  on  their  impact  on  the 
operability,  emissions  and  performance  of  the  combustor  rel¬ 
ative  to  a  single-stage  combustor. 

It  is  necessary,  then,  to  characterize  the  transient  operation  of 
a  staged  combustor  as  it  proceeds  through  these  staging 
points  and  encounters  the  rapid  shuttling  of  fuel  between  in¬ 
jection  zones.  Prospective  staging  strategies  may  be  eva¬ 
luated  at  a  sector  levei  in  the  Transient  Combustion  Facilitv. 
The  ability  to  simultaneously  control  air  flow,  air  tempera¬ 
ture  and  two  separate  fuel  flows  is  used.  Each  fuel  injection 
zone  has  its  own  dedicated  fuel  control  system.  The  transient 
flow  profiles  of  each  fuel  system  can  be  varied  to  simulate  dif¬ 
ferent  staging  strategics  for  a  given  transient  event. 

One  transient  event  of  interest  occurs  when  the  airplane 
lands.  Initially,  the  airplane  is  in  its  final  apptoach  condition. 
It  then  decelerates  and  loses  altitude  until  it  lands.  Then,  af  ¬ 
ter  a  short  delay,  the  pilot  re-accelerates  the  engines  to  pro¬ 
vide  thrust  reverse  for  braking.  This  entire  process,  known  as 
and  Approach-Touchdown-Reverse  transient,  typically  takes 
less  than  20  seconds.  During  this  event,  it  is  crucial  that  the 
combustor  respond  smoothly  and  as  expected.  For  the  com¬ 
bustor,  it  results  in  “bucket"  profiles  for  air  flow,  air  tempera¬ 
ture  and  total  fuel  flow  vs.  time  (Fig.  13).  That  is,  each 
parameter  initially  decreases  over  a  few  seconds,  followed  by 
a  short  hold  and  an  increase.  In  a  staged  combustor,  the  fuel 
flow  split  between  injection  zones  changes  even  more  rapidly 
during  both  the  deceleration  and  acceleration  portions  of  the 
transient  ( Fig.  1 4 ).  Initially,  the  fuel  flow  is  split  almost  even¬ 
ly  between  the  primary  and  secondary  zones.  As  the  engine 
decelerates,  the  percentage  of  fuel  flow  to  the  secondary  zone 
is  decreased,  and  the  percentage  of  flow  to  the  primary  zone  is 
incrc  iscd.  The  inverse  of  this  happens  again  during  accelera¬ 
tion.  The  application  of  the  fuel  staging  schedule  results  in  the 
zonal  fuel  flow  rate  profiles  shown  in  Figure  15.  The  two  fuel 
flow  rate  profiles  are  controlled  independently  of  each  other, 
so  that  the  total  fuel  How  rate  at  any  instant  is  merely  the  sum 
of  the  two  individual^  controlled  zonal  flows,  and  is  not  con¬ 
trolled  explicitly.  The  “peaks”  in  total  fuel  flow  rate  profile 
(Fig.  13)  result  from  a  slight  mis-coordination  of  the  two  zon¬ 
al  profiles. 

Figure  1 6  shows  the  average  combustor  exit  temperature  and 
combustor  pressure  response  during  an  Approach-Touch¬ 
down-Reverse  transient  cycle.  Neither  of  these  is  explicitly 
controlled  (only  air  flow,  fuel  flow  and  inlet  temperature  arc 
controlled),  so  they  act  as  good  indicators  of  the  tolerance  of 
the  combustor  to  rapid  fuel  redistribution.  Both  the  pressure 
and  temperature  react  smoothly,  in  concert  with  changes  in 
the  total  flows.  Neither  shows  evidence  of  any  staging  effects 
during  the  deceleration  or  acceleration  staging.  It  should  be 
noted  that  the  exit  temperature  profile  reflects  only  the  resul¬ 
tant  total  fuel  flow  profile;  the  peaks  in  temperature  at  the  be¬ 
ginning  and  end  of  the  transient  are  in  response  to  the 
“peaks”  in  the  total  fuel  flow  profile.  As  expected,  the  pres- 


Fig.  13  Total  Flow  Profiles  for  Approach  - 
Touchdown  -  Reverse  Cycle 


Fig.  14  Fuel  Staging  Schedule  for  Approach  — 
Touchdown  -  Reverse  Cycle 


Fig.  15  Zonal  Fuel  Flows  for  Approach  - 
Touchdown  -  Reverse  Cycle 


sure  does  not  respond  to  these  small  spikes  in  fuel  flow,  and 
the  combustor  passes  through  them  without  any  compromise 
of  operability. 
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Fig.  16  Combustor  for  Response  to  Approach  - 
Touchdown  -  Reverse  Cycle 


5.  CLOSURE 

Successful  development  of  advanced  gas  turbine  combustors 
will  likely  require  the  evaluation  of  components  and  systems 
at  both  steady-state  and  transient  conditions.  The  unique 
LHTC  Transient  Combustion  Facility  provides  the  opportunity 
to  study  the  tolerance  of  a  new  design  to  transient  operation 
during  its  evolution.  Rapid,  controlled  time  variations  of  air 


and  fuel  flow  rates  and  air  temperature  can  be  delivered  to  a 
test  model.  This  capability  has  been  used  to  study  combustor 
systems,  particular  components  and  isolated  combustor  pro¬ 
cesses.  A  growing  transient-response  experience  base  will 
permit  the  design  and  development  of  more  robust  advanced 
gas  turbine  combustors. 
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Discussion 


Question  1.  G.D.  Xistris 

How  was  the  air  inlet  temperature  controlled  to  match  the  variations  in  pressure  profiles  for  the  air  and  fuel  flows? 

Author’s  Reply 

•'c  use  a  propane  fired  vitiating  heater  to  achieve  the  desired  inlet  air  temperature.  Replenishment  oxygen  is  added  to  achieve 
2 1  at  the  heater  exit.  Both  propane  and  oxygen  flows  are  controlled  by  temperature  setpoint  profile.  A  1  -D  analysis  is  used  to 
compensate  for  the  time  lag  as  the  heated  air  is  convected  to  the  test  model. 


Question  2.  S.  Samuelsen 

What  diagnostics  are  you  presently  employing,  and  what  diagnostics  are  you  considering  for  the  future? 

Author’s  Reply 

Any  diagnostic  must  offer  time -resolved  capability.  Pressure  and  fine  wire  thermocouples  have  been  used  for  quantitative 
measurements.  A  fibre  optic  probe  has  been  used  to  obtain  qualitative  images  during  a  transient.  Currently,  J.  Cohen,  a  co¬ 
author.  is  using  a  PDPA  in  an  LV  mode  to  obtain  phase-averaged  velocity  measurements  in  his  study  of  rearward-facing  step 
stabilization  exposed  to  unsteady  boundary  conditions. 


TECHNOLOGY  RIGS  -  A  TOOL  FOR  AFTERBURNER  DEVELOPMENT 


G.  RICCARDI 
A.  TASSSELLI 
A.  TROVATI 

Fiat  Avio  S.p.A.,Direzione  Progettazione.C.so  Ferrucci  112, 10138  Torino,  Italy 


ABSTRACT 

To  develop  a  component  of  an  advanced  aircraft  engine, 
heavy  experimental  activities  are  necessary.  To  avoid  very 
long  and  very  expensive  test  campaigns  on  development 
engines,  tests  on  the  so-called  technology  rigs  are 
fundamental. 

Particularly  in  the  case  of  combustion  components,  whose 
analytical  simulations  by  means  of  computer  code  are  still  not 
completely  satisfactory  and  where  very  high  gas  temperatures 
may  cause  important  problems  of  mechanical  integrity,  it  is 
essential  to  check  the  behaviour  of  the  component  on  the  rig 
before  testing  on  the  engine. 

This  paper  gives  an  overview  of  the  test  rigs  which  are  used 
by  FiatAvio  in  the  development  of  the  afterburner  system  for 
an  advanced  fighter  aircraft  engine. 

The  tests  wliich  are  carried  out  on  these  rigs  are  described 
and  some  of  the  most  impoitant  results  are  reported, 
discussing  the  benefit  they  have  given  to  the  engine 
development. 

Even  if  this  paper  obviously  does  not  cover  all  the  results 
obtained  from  rig  tests  over  years  of  engine  development,  the 
few  examples  rqxirted  clearly  show  the  importance  of  these 
rigs  and  confirm  that  the  financial  outlay  to  build  and  update 
the  rigs,  test  plants  and  models  is  worthwhile. 

SUMMARY 

In  developing  die  afterburner  of  an  advanced  fighter  aircraft 
engine,  the  experimental  activities  play  a  big  role.  This 
empirical  approach  is  due  to  the  present  state  of  art  of 
combustion  theoretical  modelling,  which  is  still  very 
approximate. 

Technology  rigs  are  very  useful  to  investigate  innovative 
concepts,  above  all  in  early  phase  of  the  programme,  to  trade 
off  different  solutions  on  a  back-to-back  basis,  offering  a  high 
level  of  flexibility  (builds,  dedicated  instrumentation,  ...) 
helping  to  reduce  development  costs,  both  in  terms  of 
investments  (large  facilities  setting  up  engine  tests,  ...  are 
very  expensive)  and  in  time  saving. 

The  paper  outlines  the  experience  gained  by  FiatAvio  in 
using  them  to  develop  an  advanced  afterburner. 


1.  INTRODUCTION 

The  development  of  an  advanced  aeroengine  component  is 
undoubtedly  a  complex  activity,  involving  a  mixture  of 
experience,  theory  and  experimental  tests.  This  process 
necessarily  starts  from  the  best  of  design  experience  gained 
from  previous  projects,  in  terms  of  design  criteria,  but  also 
from  the  "lessons  learned"  from  the  experience  in  service 
monitoring  performance,  recording  failure  modes  and  failure 
rates,  and  so  ou. 

Although  experience  of  existing  products  is  invaluable, 
nevertheless  a  continuous  progress  is  necessary  to  satisfy  a 
competitive  market  which  always  demands  better  engines,  in 
terms  of  performance,  reliability,  durability,  maintainability, 
weight  and  cost. 

This  means  that  the  design  technology  has  to  be  continually 
updated  in  a  non-stop  effort  to  exploit  the  best  available 
solutions.  It  is  clear  that  it  is  not  possible  to  only  rely  oil  past 
experience. 

Research  and  technological  advance  are  necessary,  each  new 
component  requires  the  best  available  knowledge,  with  regard 
to  materials  and  manufacturing  processes  as  well  as  to 
theoretical  design  calculations. 

All  design  improvements  require  some  experimental 
confirmation,  either  on  the  single  component;;  or  on  the  whole 
engines:  this  is  particularly  true  when  the  slate  of  tine  art  of 
theoretical  and  computational  analyses  is  not  sufficiently 
advanced  to  model  satisfactorily  the  physical  phenomena. 

This  is  particularly  true  of  combustion  components.  In  fuet,  in 
spite  of  heavy  efforts  to  improve  computational  coties  and 
therefore  to  limit  the  amount  of  expensive  and  time 
consuming  experimenuil  development,  the  modelling  of 
combustion  phenomena  (involving  multiphase  flows  with  a 
liigh  degree  of  turbulence  and  complex  chemical  reactions)  is 
still  quite  approximate  and  does  not  allow  to  properly 
investigate  very  sensitive  design  aspects  like,  for  example, 
combustion  instabilities  or  production  of  pollutant  emissions. 
Moreover,  even  when  computational  codes  are  available,  as  it 
is  the  case  of  flow  field  pattcniation  and  heat  transfer 
calculatioas,  their  application  to  combustion  flows  is  not 
always  a  straightforward  exercise;  experimental  checks  and 
validations  are  often  still  necessary. 

Having  recognised  the  requirement  for  an  experimental 
development  phase,  different  options  are  possible:  rig  tests  on 
small  size  models,  ng  tests  on  full  size  components  and 
engine  tests.  It  is  obvious  that  only  engine  tests  can  give  the 
final  confirmation  of  the  design,  allowing  to  exactly 
reproduce  not  on'y  the  behaviour  of  the  single  component,  but 
also  the  interactions  with  other  engine  modules, 

Engine  tests  have  in  any  case  considerable  drawbacks  related 
to  the  complexity  of  tist  set  up. 
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Firstly.,  the  assembly  of  the  engine  is  a  costly  and  time 
consuming  activity,  precluding  test  flexibility,  because  it  is 
not  possible  to  repeat  the  tests  with  different  configurations 
in  a  short  time.  As  each  test  needs,  of  course,  the  availability 
of  all  engine  components,  programme  delays  are  inevitable. 
Also,  the  cost  of  engine  ultitude  test  facilities  is  considerable, 
and  far  exceeds  that  for  individu/d  component  testing 
Last  but  not  least,  she  overall  amount  of  insuimieiiuttioii 
available  in  the  engine  test  cell  is  often  limited  and  this  may 
prevent  single  components  to  be  fully  analysed  in  detail. 

Clearly,  during  the  development  of  a  component  it  is  essential 
to  lie  able  to  test  various  design  configurations  in  a  q.iick, 
flexible  and  cheap  manner,  in  order  to  investigate  as  many  as 
possiole  different  concepts,  and  it  is  also  essential  to  have  all 
the  instrumentation  required  for  each  particular  test.  Also  if 
the  experimental  investigations  are  devoted  to  check  and 
confirm  computational  results,  this  is  only  possible  when 
detailed  instrumentation  is  fitted. 

The  above  mentioned  reasons  confirm  the  validity  of  an 
experimental  approach  by  using  the  so-called  "technology 
rigs"  as  development  tools  before  the  final  verification  on 
piototype  engines. 

This  paper  deals  in  particular  with  FiatAvio  experience  in 
developing  an  afterburner  system  for  a  turbofan  engine  to  be 
installed  on  an  advanced  fighter  aircraft  The  importance  of 
technology  rigs  is  described  and  some  of  the  most  important 
results  obtained  from  those  rigs  are  presented. 

2.  FIAT  AVIO  TECHNOLOGY  RIGS 

Different  kinds  of  technology  rigs  are  being  currently  utilised 
for  the  development  of  an  advanced  afterburner  system.  Some 
of  them,  namely,  a  water  rig  for  flow  visualisation  tests,  an 
isothermal  airflow  rig  for  pressure  measurements  and  flow 
field  surveys  and  a  combustion  rig,  work  on  full  size  sector 
models.  In  addition,  a  full  scale  rig  has  been  designed  and 
used  (0  test  the  complete  engine  exhaust  system  (afterburner 
and  con-di  nozzle). 

Iliis  chapter  gives  a  description  of  the  above  mentioned  rigs 
and  of  relevant  test  plant  capabilities.  Typical  tests  which  ere 
carried  out  are  also  described. 

Water  Analogy  Rig 

The  aim  of  this  kind  of  rig,  widely  utilised  in  the  design  and 
development  of  combustors,  is  to  obtain  a  description,  at  least 
"qualitative",  of  the  aerody.iamic  flow  patterns  within  the 
components  [1], 

To  obtain  significant  results,  similarity  to  en0ine  operating 
conditions  must  be  respected,  ui  particular  tire  engine 
component  and  tire  test  article  must  be  geometrically  similar 
and  the  Reynolds  numbers  must  be  similar. 

Lven  if  the  flow  pattern  is,  of  course,  dependent  on  the 
temperature  gradients  due  to  the  combustion,  it  is  well  known 
that  an  isothermal  visualisation  gives  lower  velocities, 
because  of  tire  higher  density,  but  with  little  alteration  of  the 
basic  flow  pattern  [2], 


In  the  development  of  this  afterburner  module,  the  first 
condition  of  similarity  has  been  satisfied  by  designing  a  frill 
size  model.  To  limit  the  model  dimensions  and  the  water 
plant  requirements,  only  a  1/5  (72*)  sector  model  was  built, 
which  is  large  enough  to  give  a  representative  flow  pattern  of 
the  complete  component.  The  internal  features  of  the 
afterburner  (fuel  injectors,  flame  stabilisers,  etc.)  are  15 
equispaced:  then,  the  1  .  5  scale  of  the  scctoi  was  selected. 
Since  the  circumferential  variation  of  the  afterburner  inlet 
conditions  is  relatively  small,  the  inlet  flow  has  been 
considered  to  be  axi symmetric  and  therefore  2-dimensional. 
The  Reynolds  number  sir  lanty  is  obtained  by  the 
appropriate  flow  rate  of  water  through  the  model:  water  was 
selected  as  a  working  fluid  because  it  is  ver,  easy  to  handle 
and  readily  available. 

Nevertheless,  it  is  important  to  avoid  contaminants  in  the 
water,  which  could  disturb  the  flow  visualisation,  and  so  de¬ 
mineralised  water  is  used.  The  water,  stored  in  a  tank,  is 
pumped  to  the  test  section  and  then  recirculated  to  the  tank, 
which  is  large  enough  to  damp  flow  distuibances  through  the 
pipelines  (fig.  1). 

The  water  pump  has  the  following  capacity: 

-  water  flow-rate:  1 50 1/s  max., 

-  water  pressure:  1 50  kPa  (abs.). 

The  test  article  is  put  in  a  vertical  position  to  avoid  any 
alterations  of  the  visualisation  results  due  to  buoyancy  effects. 
The  test  articles  are  manufactured  in  perspex:  this  material 
has  the  necessary  transparency  and  is  very  oisy  to  work, 
allowing  to  accurately  model  the  internal  details  of  the 
afterburner.  Moreover,  it  is  cheap  and  can  be  easily  re¬ 
worked  to  test  different  configurations. 

In  the  design  of  the  test  articles,  the  internal  details  have  the 
actual  dimensions  of  engine  components.  The  external  walls 
must  be  thin  enough  to  guarantee  the  required  transparency 
level;  nevertheless,  even  if  perspex  is  a  relatively  strong 
material,  care  has  to  be  taken  not  to  overload  it.  To  relieve 
the  differential  pressure  between  tire  inside  operating 
pressure  and  the  ambient,  the  entire  model  is  put  into  a  larger 
tank  filled  with  water.  This  is  an  important  precaution  to 
avoid  explosion  of  the  model  under  the  pressure  provided  by 
the  water  head  in  the  duct  above  the  model  itself. 

To  visualise  the  flow,  different  type  of  tracers  arc  used  the 
most  common  of  which  are  dyes,  beads  of  polystyrene  (or 
similar  material  with  density  similar  to  water)  or  air  bubbles. 
Dyes  have  the  drawback  of  "contaminating"  both  the  model 
walls  and  the  water  flow,  requiring  frequent  stops  to  clean  the 
model  and  to  replace  the  de-mineralised  water  in  the  tank. 
Polystyrene  beads  have  been  reported  to  sometimes  cause 
trouble  to  the  pump  system 

Because  of  this,  it  was  preferred  to  use  air  bubbles  as  flow 
tracers.  An  injcctiou  system  was  initially  studied  to  introduce 
small  air  bubbles  upstream  of  the  model  inlet,  but  the  first 
nms  of  the  rig  demonstrated  that  the  air  bubbles  generated  by 
turbulence  in  the  pump  can  be  used  with  equal  efl'ect  as 
tracers  and  the  external  air  injection  system  was  never 
needed. 

The  water  flow  velocity  was  found  to  be  a  key  parameter  to 
obtain  a  regular  air  bubble  seeding.  If  this  velocity  is  too 
high,  very  large  bubbles,  useless  for  visualisation  purposes. 


are  formed.  If  the  velocity  is  too  low,  the  number  of  air 
bubbles  is  insufncient. 

A  by-pass  valve  allows  the  water  flow  velocity  to  be  regulated 
in  order  to  get  the  best  visualisation  effects:  this  optimum 
velocity  was  expetimen  tally  determined  to  be  1  - 1 .5  tn/s. 

This  water  analogy  rig  is  used  only  for  flow  visualisation 
purposes,  therefore  no  instrumentation,  is  fitted  on  the  model. 
The  observation  of  the  flow  is  made  possible  using  a  slit  of 
light  which  illuminates  the  model  in  a  vertical  plane.  It  is 
possible  to  rotate  the  support  of  the  light  arouna  the  test 
section,  to  give  any  desired  viewing  vertical  plane.  The 
recording  of  the  flow  is  obtained  by  photograph  or  video. 

Airflow  Rig 

f  lic  same  perspex  models  used  for  the  water  tests  may  be 
also  tested  on  an  isothermal  airflow  rig.  The  aim  of  this  rig  is 
to  flow  check  the  models,  verifying  the  internal  pressure 
distribution,  checking  pressure  loss  coefficients  and  effective 
flow  areas.  The  tests  are  carried  out  over  a  range  of  air  mass 
flow-rates  in  order  to  check  possible  dependence  of  the 
results  on  Reynolds  number. 

Also  visualisation  tests  by  means  of  wool  tufts  or  fluorescent 
paints  can  be  performed. 

The  air  is  supplied  by  a  compressor,  with  a  capacity  of: 

-  air  mass  flow-rate:  6.5  kg/s  max. 

A  transition  duct  is  pluuxl  between  the  compressor  outlet  line 
and  the  model  inlet,  in  order  to  obtain  a  smooth  transition 
from  the  pipe  circular  section  to  the  sector  model. 

Ihe  rig  discharges  to  the  atmosphere:  air  pressure  is  related 
to  the  required  mass  flow-rate.  Again,  as  for  the  water  tests, 
care  has  to  be  taken  to  avoid  high  internal  pressures  which 
could  damage  the  perspex  model.  Usually  the  differential 
pressure,  relative  to  ambient,  is  maintained  below  30  kPa. 

Air  temperature  is  that  due  to  compression  only  and  at  the 
low  required  pressure  ratios  there  is  therefore  no  risk  of 
perspex  overheating  (maximum  allowable  temperature  is,  in 
fact,  about  70  -  f>0  °C). 

The  typical  instrumentation  for  the  airflow  tests  are  wall 
static  pressure  tappings  and  total-static  Pitot  tubes.  To  obtain 
pressure  patterns  across  the  model,  adjustable  traversing  Pitot 
tubes  and  Pitot  rakes  are  used  (fig.  2). 

When  the  visualisation  tests  are  performed,  the  photographic 
and  video  recording  systems,  as  for  the  water  flow  tests,  are 
u'ilised. 

The  same  compressor  output  is  also  used  for  flow  checks  of 
small  engine  components,  i.e.  to  establish  the  air  mass  flow- 
rate  versus  pressure  characteristics.  In  afterburner 
development  tins  facility  is  typically  used  to  flow  check  the 
single  air-cooled  flameholders  (flame  stabilisers). 

During  these  tests,  the  compressor  is  connected  to  a  plenum 
chamber,  to  which  the  flameholder  air  inlet  is  also  connected, 
and  the  flameholder  cooling  air  is  discharged  to  ambient  (fig, 
3). 
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2D  Hot  Combustion  Rig 

This  rig  is  used  to  cany  out  combustion  tests,  to  verify  metal 
temperature  distributions,  cooling  effectiveness  and 
combustion  efficiency. 

In  order  to  simulate  the  afterburner  of  a  turbofan  engine,  two 
separate  air  supplies,  one  hot  "core"  ait  and  the  other  cold 
"by-pass"  air  supplies  are  available  (fig.  4). 

Maximum  capacity  of  the  rig  air  supply  lines  are  shown  in 
the  following  table: 

By-pass  Core 

Air  flow-rate  2  kg/s  max  4.S  kg/s  outx 

Air  pressure  ISO  kPa  abs.  max  1  SO  kPa  ubs.  max 

Air  temper.  500  K  max  1 250  K  max 

The  two  lines  can  be  independently  regulated,  allowing  the 
by-pass  ratio  to  be  changed. 

The  rig  is  also  equipped  with  a  moveable  gas  sampling  rake 
to  investigate  the  completenesi  of  'he  combustion  at  different 
longitudinal  planes  downstream  of  the  flameholders. 

13y  removing  the  model  liner  and  jet-pipe,  combustion  video 
recording  is  also  possible. 

While  the  general  objective  is  to  simulate  afterburner  inlet 
conditions  at  the  rig  inlet  and  to  reproduce  reheat  conditions, 
some  simplifications  were  accepted,  namely: 

-  to  limit  the  required  air  mass  flow-rates,  only  a  2/15  sector 
(48°)  of  afterburner  geometry  is  modelled, 

-  rig  inlet  pressures  are  also  limited,  by  the  compressor, 

-  while  on  the  engine  the  afterburner  core  inlet  temperature  is 
the  gas  temperature  downstream  of  turbine  expansion,  on  the 
rig  tills  temperature  is  obtained  using  a  kerosene  combustion 
chamber  as  a  preheater  and  there  isn't  any  work  extraction 
between  the  preheater  and  the  test  article:  this  means  tliat,  for 
a  given  afterburner  inlet  temperature,  the  air  vitiation  ratio 
cannot  be  the  same.  For  simplicity,  no  compensation  for  this 
vitiation  ratio,  like  make-up  oxygen  or  water  injection,  is 
provided, 

-  by-pass  uir  is  heated  by  an  electric  preheater, 

-  only  a  convergent  nozzle  with  fixed  throat  section  was 
designed,  instead  of  the  actual  con-di  nozzle  on  the  engine. 

-  only  the  internal  ("hot")  components,  like  fuel  injectors, 
flame  stabilisers  and  the  liner,  are  engine  components  while 
the  external  jet-pipe  is  manufactured  in  a  cheaper  material 
(stainless  steel)  and  is  water  cooled. 

The  most  relevant  consequences  of  the  above  mentioned 
"simplifications"  of  rig  design,  are  the  following: 


-  it  is  possible  to  exactly  simulate  only  one  peculiar  point  of 

the  flight  envelope,  about  z  =  1 1  km  /  M  ~  0.7, 
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•  combustion  efficiency  is  affected  by  the  inlet  air  vitiation 
ratio  and  by  heat  transfer  to  the  water-cooled  walls,  so  the 
computed  values  cannot  be  directly  transferred  to  the  engine. 

Nevertheless,  this  tig  is  a  powerful  investigation  tool,  since 
metal  temperatures  of  internal  components  proved  to  be  in 
good  correlation  to  theoretical  calculations  and  to  engine 
measurements. 

Although  absolute  values  of  combustion  efficiency  cannot  be 
directly  correlated  to  engine  measurements,  the  trend,  as  a 
function  of  fuel-air-ratio  or  geometric  configurations, 
compares  well  to  engine  behaviour  and  back-to-back  tests  are 
then  possible 

The  ter'  article  is  instrumented  with  total  and  static  pressure 
tappings  to  exactly  calculate  the  air  flow  distribution  (e.  g. 
cooling  flows). 

Pressure  measurements  are  also  used  to  derive  combustion 
efficiency  the  analysis  of  relevant  scan  data  is  carried  out 
with  a  FiatAvio  computer  programme. 

Wall  thetmocouples  are  fitted  on  the  model  to  monitor  metal 
temperatures  during  the  tests,  however  thermal  investigations 
ure  usually  best  carried  out  by  means  of  thermal  paints  which 
give  u  more  complete  picture. 

The  "Reheat  Full  Scale  Rig" 

The  "sector"  rigs  are  very  useful  for  technology  or 
development  parametric  studies,  because  their  utilisation  is 
relatively  cheap  and  geometric  modifications  can  be  made 
quickly. 

Nevertheless,  these  tests  are  limited  because  of  the  relatively 
narrow  range  of  operating  conditions  which  can  be  simulated 
and  by  the  fact  that  they  cannot  simulate  the  full  3-D 
afterburner  flow  field. 

To  overcome  these  limitations  engine  tests  are  necessarily 
canied  out,  but  it  is  preferable  to  engine-test  only  when  good 
confidence  on  the  component  behaviour  has  been  obtained. 
This  can  be  achieved  on  the  so-called  "Full  Scale  Rig",  where 
the  complete  exhaust  system  (afterburner  and  nozzle)  is 
tested. 

On  this  rig  inlet  conditions  are  simulated  by  using 
compressors  and  preheaters  to  reproduce  thermodynamic 
parameters  at  engine  turbine  exit.  To  have  a  complete  survey 
of  the  operating  envelope,  the  capability  to  simulate  altitude 
conditions  by  reducing  the  pressure  at  nozzle  exit  is  also 
required. 

hi  order  to  say  time  and  money,  it  was  preferred  to  exploit 
one  of  the  existing  European  test  facilities,  rather  than 
building  a  new  one. 

Iherefore  it  was  decided  to  perform  the  full  scale  tests  in  Cell 
2  at  DRA  (Pyestock,  England),  which  allows  a  large  portion 
of  the  engine  flight  envelope  to  be  investigated  (fig.  5). 

To  have  the  correct  interface  between  the  test  cell  piping  and 
the  test  article,  which  is  an  engine  module,  a  "simulator"  was 
designed  and  manufactured  (fig.  6) 


Main  features  of  this  simulator  are: 

•  by-pass  air  is  heeled  by  an  electric  preheater, 

-  core  air  is  heated  by  a  kerosene  vitiator, 

•  hydrogen  injection  in  the  core  flow  is  possible,  to  modify  the 
gas  temperature  profile, 

-  water  injection  in  the  core  flow  is  also  possible,  to  have  the 
correct  oxygen  content  in  the  vitiated  air  when  combustion 
stability  tests  are  performed, 

-  two  sets  of  vanes  are  available,  to  be  installed  at  the  exit  of 
simulator  core  duct  to  simulate  the  engine  guide  vanes:  one 
set  has  straight  vanes  whereas  the  vanes  of  the  second  oue 
have  a  curved  profile  to  modify  swirl  angle, 

-  to  simplify  the  installation,  the  exhaust  diffuser  is  an 
integral  part  of  the  simulator  and  is  water  cooled. 

To  actuate  the  movable  convergent-divergent  nozzle,  the 
engine  actuation  system  and  the  relevant  contiol  box  are 
used.  The  fuel  system  is  test  cell  equipment  and  it  is  not 
possible  to  control  the  nozzle  area  as  a  function  of  afterburner 
fuel  demand,  as  it  is  on  the  engine.  Nozzle  area  must  be  set 
before  changing  after  burner  fuel  flow. 

This  means  that  only  steady-state  conditions  can  be 
investigated,  but  as  in  any  case  transient  reheat  performance 
depends  on  entire  engine  and  enguie  control  characteristics, 
this  is  not  a  limitation. 

The  tests  which  arc  carried  out  on  the  Full  Scale  Rig  include: 

-  steady-state  afterburner  performance  survey  (for  calculation 
of  combustion  efficiency,  a  performance  analysis  programme 
was  provided  which  is  analogous  with  the  engine 
performance  analysis  programme); 

-  buzz  and  screech  margin  assessment, 

-  altitude  margin  (combustion  stability)  assessment  (a  water 
cooled  periscope  system,  with  video  recording,  is  available  to 
look  into  the  afterburner  system  from  the  rear  and  detect 
flame  extinction): 

-  afterburner  and  nozzle  components  thermal  survey,  with 
extensive  use  of  thermal  paints,  and  verification  of 
mechanical  integrity, 

-  assessment  of  cooling  flows  of  flamcholders,  liners  and 
nozzle. 

To  cairy  out  the  buzz,  screech  and  combustion  stability  tests, 
a  rapid  scanning  system  with  recording  on  magnetic  tape  of 
selected  parameters,  e  g.  flame  duct  pressure  oscillations,  is 
available. 

All  the  aforementioned  tests  can  be  performed  either  at  Sea 
Ixvel  or  at  simulated  altitude  conditions 


Pressure  traversing  and  gas  sampling  tests  at  different 
longitudinal  planes  are  also  carried  out  using  water  cooled 
rotating  rakes  (figs.  6  and  7),  but  in  these  cases  the  divergent 
portion  of  the  nozzle  has  to  bo  removed  to  install  the  rakes 
and 

this  together  with  other  installation  requirements  means  that 
tests  at  altitude  cannot  be  carried  out. 

3.  EXPERIMENTAL  RESULTS 

The  test  results  obtained  from  the  above  mentioned  rigs  have 
been,  and  currently  are,  widely  used  in  the  afterburner 
development  process,  to  verify  the  design,  identify  the 
outstanding  problems  and  to  test  and  validate  solutions  or 
improvements  of  the  design. 

This  chapter  cutlines  the  most  interesting  of  those  results  and 
the  impact  they  have  had  on  the  development.  Some 
examples  are  given  for  each  rig. 

Water  Analogy  Rig 

This  rig  was  mainly  used  in  the  very  first  phase  of  the  project, 
to  check  the  flow  field  and  verify  the  position  and  the 
extension  of  flow  recirculation  regions  within  tire  afterburner 
system. 

Those  first  tests  generally  confirmed  design  assumptions  and 
preliminary  CFD  simulations,  giving  the  necessary 
confidence  to  proceed  with  development.  Particular  care  was 
dedicated  to  check  the  flow  along  the  afterburner  inlet 
diffuser  cone,  whose  diffusion  angle  was  chosen  as  the  best 
compromise  to  make  the  duct  as  short  as  possible  while 
avoiding  boundary  layer  break-away:  the  water  flow  tests 
verified  that  no  flow  separation  occurs. 

Airflow  Rig 

The  first  aim  of  the  airflow  tests  had  been  to  verify  "dry"  (not 
related  to  the  combustion,  i.  e.  friction,  diffusion,  turbulence, 
etc.)  pressure  loss  of  the  "core"  and  "by-pass"  ducts. 

These  losses  are  a  requirement  of  the  engine  specification, 
but  they  are  very  difficult  to  measure  in  any  detail  during 
engine  operation,  where  only  the  overall  pressure  loss  can  be 
defined.  On  the  airflow  rig  it  is  possible  to  perform  tests  to 
evaluate  the  single-component  pressure  loss  contribution  to 
the  overall  loss . 

Pressure  loss  of  the  whole  perspex  model  and  of  the  core  and 
by-pass  streams  were  therefore  measured  and  the  pressure 
loss  coefficients  were  derived.  A  comparison  with  the 
required  values  is  presented  in  the  followmg  table,  where  it  is 
apparent  that  the  specified  losses  were  not  exceeded.  The 
revised  pressure  loss  coefficients  were  therefore  introduced  in 
the  updated  version  of  engine  performance  synthesis. 

Pressure  loss  coefficients 

Specified  Measured 
Core  duct  0.438  0.362 

By-pass  duct  0,688  0.578 


The  further  tests  were  dedicated  to  measure  flow  effective 
areas,  which  were  in  line  with  the  design,  and  to  make  more 
detailed  investigations  on  discharge  coefficients. 

Among  others,  the  effective  areas  of  heat  shield  cooling  boles 
and  of  the  by-pass  duct  at  the  ftiel  injection  section  were 
measured. 

Also  these  values  were  used  to  revise  design  assumptions  and 
to  more  accurately  estimate  the  flow  distribution,  which  is 
important  not  only  for  the  verification  of  the  afterburner 
system  but  also  to  control  the  mixing  process  of  core  and  by¬ 
pass  flows  and  engine  matching. 

For  example,  the  discharge  coefficient  of  the  bypass  fuel 
injection  throat  section  (Cd  a  0.9)  was  about  20%  Itigher  then 
the  value  assumed  in  the  preliminary  design,  necessitating,  in 
the  short  term,  metal  trimming  segments  to  bring  the  effective 
area  back  to  the  design  value. 

A  third  example  of  the  utilisation  of  an  airflow  rig  is  the  flow 
check  of  the  fiameholder  cooling  air  ducts.  In  this  case  the 
test  article  is  a  single  fiameholder,  not  a  perspex  model,  and 
very  simple  tests  were  performed  to  establish  the  "air  mass 
flow-iate  vs.  pressure  ratio"  characteristic  curves  for  different 
configurations  of  the  cooling  system.  Those  results  have  been 
used  to  improve  the  input  data  of  the  computer  programme 
which  is  used  to  predict  fiameholder  metal  tempetaturcs. 

2D  Hot  Combustion  Rig 

The  first  test  campaigns  performed  on  this  rig  were  scheduled 
to  map  the  metal  temperature  distributions  witl  thermal 
paints  and  to  evaluate  combustion  efficiency  as  a  function  of 
the  fuel  split  between  vaporisers,  core  and  by-pass  sprayers. 
The  temperature  profile  cannot  be  directly  applied  to  the  full 
engine  geometry,  nevertheless  the  rig  demonstrated  to  be  a 
very  good  comparative  tool  to  test  different  configurations 
and  to  compare  the  metal  temperatures  on  a  back-to-back 
basis. 

A  significant  example  of  the  benefit  of  this  rig  is  tire 
improvement  of  the  radial  fiameholder  cooling.  When  the 
first  runs  of  the  Full  Scale  Rig  and  of  engines  showed  that 
these  components  wee  hotter  than  acceptable,  rapid  remedial 
action  was  necessary. 

In  order  to  enhance  the  heat  transfer  coefficients,  turbulence 
promoters  (ribs)  were  introduced  in  the  coolant  duct  (fig.  8) 
and  a  different  configuration  of  the  cooling  air  exhaust  was 
identified. 

These  modifications  were  tested  and  a  significant  reduction  of 
peak  temperature  was  obtained  (fig.  9),  later  also  confirmed 
by  engine  tests. 

In  order  to  optimise  the  geometry  and  obtain  a  further 
reduction,  different  configurations  of  the  ribs  (rib  orientation 
and  the  pitch-to-height  ratio)  were  studied  [3]  and  a 
"theoretical"  optimum  design  was  identified  (figs.  1C  and  11). 
Since  the  literature  refer  principally  to  turbine  blade  cooling 
cavities,  whose  geometry  is  dissimilar,  an  experimental 
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confirmation  of  the  analytical  studies  was  sought  and  various 
test  articles  were  manufactured. 

The  testing  phase  of  this  advanced  design  is  still  in  progress , 
but  the  preliminary  lust  evident  shows  that  some 
improvements  are  possible,  and  also  confirms  the  analytical 
predictions  (fig.  12). 

For  combustion  efficiency  investigation,  tests  were  conducted 
reproducing  the  engine  lhel-air-rutios  and  simulating  many 
different  fuel  splits,  to  evaluate  efficiency  trends  in  advance 
of  cither  Full  Scale  Rig  or  engine  test.  The  typical  efficiency 
trends  and  the  effects  of  the  fuel  splits  wens  later  also 
confirmed  by  engine  tests. 

Hie  2D  Hot  Combustion  Rig  also  played  an  impoitant  role  in 
the  studies  of  advanced  flameholden  in  composite  (Carbon- 
Carbon)  material. 

As  well  os  teats  to  characterise  the  material  and  its  ceramic 
coating  (even  tests,  thermal  fatigue  tests  and  vibration  tests), 
oue  of  these  composite  material  Oameholders  was  tested  on 
the  rig,  to  verify  combustion  performance  and  tc  carry  out 
short  endurance  testing. 

In  this  case,  the  combustion  rig  allowed  the  component  to  be 
tested  in  conditions  similar  to  (he  operating  environment. 
The  endurance  test  indicated  a  critical  region  near  the  bolted 
interface  between  the  composite  fiamcholder  and  the  metal 
structure,  where  the  ceramic  coating  cracked.  Finite  element 
analysis,  applied  to  the  multi-layered  materia!,  suggested  by 
additional  vibration  testing,  showed  that  the  region  where 
the  failure  occurred  is  a  stress  concentration  zone.  This 
indication  led  to  an  improved  design,  which  is  planned  to  be 
manufactured  and  tested. 

The  composite  flameholder  differs  from  the  metal  one 
because  it  is  not  cooled  and  has  a  "Vce"  section  (while  the 
metal  one  is  a  "Delta"  to  create  a  cooling  duct).  Although  the 
advantage  of  being  uncooled  is  evident,  a  combustion 
performance  test  indicated  some  potential  benefits  of 
combustion  efficiency  coming  from  the  composite 
configurations  (fig.  13). 

The  "Reheat  Full  Scale  Rig" 

This  rig  is  the  vehicle  for  the  final  confirmation  of  the 
afterburner  design  and  of  relevant  modifications  before 
engine  application. 

Compared  with  engine  tests,  t  is  important  to  note  that  the 
Full  Scale  Rig  not  only  has  the  already  mentioned  advantages 
in  terms  of  flexibility  ,  but  it  allows  testing  in  controlled 
conditions  which  corresponds  to  the  design  thermodynamic 
cycle  of  the  engine.  Particularly  during  the  first  stages  of  the 
engine  development,  often  some  components,  like  the 
compressor  or  turbine,  may  not  give  the  fund  expected 
performance  and  tire  actual  afterburner  working  point  during 
development  will  be  different  from  the  ultimate  design  point 
(e.  g.  by-pass  ratio  will  be  different  due  to  engine  matching 
variations).  As  on  the  rig  the  afterburner  inlet  conditions  can 
be  set  as  required,  it  is  possible  either  to  check  the 


afterburner  design  operating  points  or,  if  preferred,  to 
reproduce  engine  operating  conditions 

The  first  tejt  campaigns  were  dedicated  to  perform  a 
complete  investigation  of  the  behaviour  of  the  original  design 
configuration,  measuring  combustion  efficiency  within  the 
flight  envelope,  altitude  stability  margins,  buzz  and  screech 
margins  and  checking  wall  temperatures  with  thermal  paints. 
Performance  tests  confirmed  very  strong  effects  of  ftiel  split 
on  efficiency,  already  noted  on  the  2D  Combustion  Rig,  and 
showed  also  the  effect  of  by-pass  ratio  (fig.  Id). 

These  efficiency  values  are  derived  from  pressure 
measurements  at  the  nozzle  throat  section  and  are  a 
"propulsive"  efficiency  rather  than  a  "combustion"  efficiency, 
because  they  depend  not  only  on  the  completeness  of  the 
combustion  processes  but  also  on  the  afterburner  exhaust 
temperature  profile,  which  is  uffected  by  the  by-pass  ratio  us 
well  as  by  the  nozzle  cooling  film.  To  have  a  better 
understanding  of  these  phenomena,  gas  sampling  tests  were 
performed  at  different  by-pass  ratios,  confirming  that 
"combustion"  efficiency  (i.e.  the  degree  of  completion  of 
chemical  reactions)  is  almost  unity  (fig.  13).  This  information 
wan  of  course  very  important  to  direct  following  design 
efforts  to  furtherly  improve  afterburner  performance. 

Foi  raecltanical  integrity,  rig  investigations  have  been  very 
helpful  to  miderstand  the  reasons  for  overheating  of  the  first 
liner  (screech  damper  and  heat  shield)  configuration  and  to 
test  relevant  modifications.  As  an  example,  on  the  screech 
damper  the  problems  were  related  to  possible  local  ingestion 
of  hot  combustion  gases  into  the  liner  nozzle  cooling  duct, 
because  of  a  very  low  static-to-static  pressure  ratio:  a 
modification  of  the  geometry  of  the  damping  holes  (fig.  16), 
avoiding  reverse  flow  from  mainstream  to  by-pass,  allowed 
the  problem  to  be  recovered. 

4.  CONCLUSIONS 

Although  the  daily-increasing  capabilities  of  computers  and 
CFD  are  bringing  to  the  combustion  engineer  powerful  tools 
for  component  modelling,  the  "design-right-first-time" 
philosophy  is  not  yet  a  reality,  nor  likely  to  be  for  some  time 
to  come  owing  to  the  complexity  of  the  3D-flovvs  involved. 
Components  and  module  rig  testing,  as  outlined  in  this  paper, 
is  therefore  today,  and  likely  to  remain  in  the  foreseeable 
future,  a  necessary  step  in  the  development  process  of 
afterburner  systems,  often  providing  the  cheapest  and 
quickest  means  of  achieving  results. 
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Discussion 

Question  1.  D.K.  Hennecke 

You  did  not  mention  flying  test  beds  and  flight  testing.  Please  comment. 

Author’s  Reply 

The  aim  of  rig  and  engine  ground  tests  is  to  obtain  good  confidence  in  the  design  in  order  to  ensure  the  capability  of  the  engine  to 
fly  satisfactorily.  This,  of  course,  will  be  finally  proven  by  flight  tests.  Rig  tests  are  the  first  steps  to  achieve  confidence  before 
engine  ground  tests,  and  the  latter  can  be  seen  as  preparation  for  flight  tests.  Nevertheless,  at  the  time  of  the  first  flight  the  engine 
must  already  be  close  to  the  desired  performance. 
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ABSTRACT 

Conventional  and  advanced  gas  turbine  engines  are 
coming  under  increased  scrutiny  regarding  pollutant 
emissions.  This,  in  tum,  has  created  a  need  to  obtain 
in-situ  experimental  data  at  practical  conditions,  as 
well  as  exhaust  data,  and  to  obtain  the  data  in 
combustors  that  reflect  modem  designs.  The  in-situ 
data  are  needed  to  (1)  assess  the  effects  of  design 
modifications  on  pollutant  formation,  and  (2)  develop  a 
detailed  data  base  on  combustor  performance  for  the 
development  and  verification  of  computer  modeling. 
This  paper  reports  on  a  novel  high  pressure,  high 
temperature  facility  designed  to  acquire  such  data 
under  controlled  conditions  and  with  access  (optical 
and  extractive)  for  in-situ  measurements.  To  evaluate 
(lie  utility  of  the  facility,  a  model  gas  turbine  combustor 
was  selected  which  features  practical  hardware  design, 
two  rows  of  jets  (primary  and  dilution)  with  four  jets  in 
each  row,  and  advanced  wall  cooling  techniques  with 
laser  drilled  effusive  holes.  The  dome  is  equipped  with 
a  flat-vaned  swirlcr  with  vane  angles  of  60°.  Data  are 
obtained  at  combustor  pressures  ranging  from  2  to  10 
atmospheres  of  pressure,  levels  of  air  preheat  to  427°C, 
combustor  reference  velocities  from  10.0  to  20.0  m/s, 
and  an  overall  equivalence  ratio  of  0.3.  Exit  plane  and 
in-situ  measurements  are  presented  for  HC,  02.  C02, 
CO,  and  NOx.  The  exit  plane  emissions  of  NOx 
correspond  to  levels  reported  from  practical  combustors 
and  the  in-situ  data  demonstrate  the  utility  and 
potential  for  detailed  flow  field  measurements. 

Nomenclature 

Af  combustor  cross-sectional  area 
ALR  nozzle  air  to  liquid  ratio 

D,0  number  mean  diameter 

D32  Sautcr  mean  diameter 

FN  flow  number 

H  combustor  dome  height 

L  length 

P3  combustor  inlet  pressure 

T3  combustor  inlet  temperature 

Vr  velocity 

p  density 

‘Corresponding  Author 


1.  INTRODUCTION 

The  emission  of  nitric  oxide  from  military  and 
commercial  aircraft  gas  turbine  combustors  has 
become  a  topic  of  intense  scrutiny  in  recent  years. 
There  is  concern,  for  example,  on  the  impact  of  nitric 
oxide  (NO)  emissions  on  stratospheric  ozone  from  the 
flight  of  conventional  and  future  generation  aircraft 
powered  by  gas  turbine  engines  at  high  altitudes 
(References  1  and  2). 

The  principal  source  of  nitric  oxide  is  "thermal  NO" 
where  nitric  oxide  is  formed  from  the  dissociation  of 
air  bound  nitrogen  (Ref.  3).  The  formation  of  thermal 
NO  is  (1)  strongly  dependent  upon  temperature,  and 
(2)  exhibits  elevated  formation  rates  at  temperatures 
exceeding  1900K  (Ref.  4).  As  a  result,  any 
modification  to  the  combustor  operating  conditions  or 
geometry  which  will  induce  lower  peak  reaction 
temperatures  and/or  lower  residence  times  should 
reduce  the  emission  of  thermal  NO.  As  flame 
temperatures  are  lowered,  however,  a  tradeoff  can  arise 
between  NOx  reduction  and  an  increased  formation  of 
carbon  monoxide  (CO)  and  unbumed  hydrocarbons 
(HC).  The  challenge  is  to  reduce  CO,  HC,  and  NOx 
emissions  simultaneously.  Exacerbating  this  challenge 
is  the  trend  toward  higher  combustor  inlet  pressures 
and  temperatures. 

To  date,  the  combustor  designer  has  relied  on  "in-and- 
out"  combustor  rig  measurements  for  guidance  on  the 
effect  of  geometrical  and  operating  changes  on 
pollutant  emission  and  overall  performance.  This  is  no 
longer  sufficient  to  address  the  challenge  of  higher 
combustor  inlet  pressures  and  temperatures  and  to 
provide  needed  data  to  substantiate  models  for  design 
(e.g.,  Ref.  5  and  6).  An  improved  understanding  of  the 
processes  occurring  within  the  combustor  is  required. 
While  substantial  progress  has  been  made  at  the  UCI 
Combustion  Laboratory  in  the  acquisition  of  in-situ 
data  in  model  combustors  (e.g.,  Ref.  7),  model  sprays 
(e.g..  Ref.  8),  and  practical  hardware  (e.g..  Ref.  9), 
these  data  have  been  acquired  under  atmospheric 
conditions.  Such  data  have  been  invaluable,  providing 
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Figure  1 :  Pressure  Vessel  and  Traverse  System 


data  bases  for  the  development  of  numerical  codes 
(e.g.,  Ref.  10)  and  needed  insight  into  the  physics  of 
fuel  preparation  and  dispersion  (e.g.,  Ref.  1 1).  Even 
more  desirable  are  in-situ  data  acquired  under  the 
practical  pressures  and  temperatures  encountered  in 
practical  combustors. 

The  present  study  reports  on  an  experimental  facility 
designed  for  the  acquisition  of  in-situ  data  under  the 
practical  operating  conditions  of  gas  turbine  stationary 
and  aeroengine  combustors.  The  challenges  of  such  a 
facility  are  the  provision  of  high  pressure  and  high 
temperature  air,  the  containment  of  the  high 


temperature  and  high  pressure  air,  the  presentation  of 
the  air  to  the  combustor  hardware,  the  provision  of 
optical  access  to  the  combustor  hardware,  the 
traversing  of  the  hardware  to  facilitate  the  acquisition 
of  three-dimensional  maps,  and  the  treatment  of  the 
exhaust  to  protect  the  back  pressure  value. 

2.  TEST  FACILITY 

The  high  pressure  combustion  facility  was  designed  to 
provide  elevated  ambient  pressures  and  temperatures 
that  are  representative  of  both  current  and  future  gas 
turbine  combustor  designs,  and  to  accommodate 
combustors  of  practical  design. 
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7.1  Pressure  Vessel 

The  pressure  vessel,  as  shown  in  Figure  1,  is 
constructed  of  a  40.6  cm  diameter,  12.7  mm  thick,  1- 
1/4%  Chrome-Moly  steel  for  increased  strength  at 
temperatures  exceeding  427°C.  The  vessel  body  is 
cylindrical  with  a  top  blind  flange  on  which  the  nozzle 
tube  traverse  is  mounted  and  through  which  the  nozzle 
tube  passes.  A  blind  flange  is  attached  to  the  bottom  of 
the  pressure  vessel  and  a  stainless  steel  tee  is  affixed  to 
the  bottom  flange  The  pressure  vessel  has  an  internal 
diameter  of  38.1  cm  and  is  142.2  ern  long  from  the  top 
flange  to  the  bottom  flange.  The  steel  shell  is  rated  for 
a  maximum  operating  pressure  of  18  atm  at  a 
temperature  of  482°C.  To  prevent  the  possibility  of 
system  over-pressurizaticn,  a  burst  disc  is  connected  ic 
the  vessel.  The  internal  walls  of  the  vessel  are 
insulated  to  accommodate  temperatures  exceeding 
650°C  at  pressures  to  18  atin.  A  detailed  description  of 
the  high  pressure  vessel  design  is  provided  in  Drennan 
(1990,  Ref.  13). 

For  spatially-resolved  optical  measurements,  such  as 
advanced  laser  diagnostics,  the  pressure  vessel  is 
equipped  with  a  three-dimensional  traverse  system 
(also  in  Figure  1).  The  approach  adopted  is  to  translate 
the  vessel  in  the  horizontal  plane,  and  tc  translate  the 
test  article  within  the  vessel  in  the  vertical  plane.  The 


latter  requires  a  translatable  test  fixture  support  that 
penetrates  the  top  of  the  vessel  through  a  high- 
temperature  pressure  seal.  Optical  access  into  the 
pressure  vessel  is  obtained  with  a  set  of  four  windows. 
Figure  2  is  a  cross  section  of  the  pressure  vessel  at  the 
optical  height.  Two  of  the  windows  are  180°  apart  to 
be  used  with  sheet  laser  diagnostics  or  photography. 
The  other  two  windows  arc  150°  apart  for  use  with 
laser  anemometry  and  phase  Doppler  interferometry. 

2.2  Fluid  Circuits 

Two  air  circuits,  nozzle  air  and  plenum  air,  are  fed  by 
two  house  air  pressuie  sources  (Figure  3).  The  low 
pressure  air  is  supplied  by  three,  300  HP  rotary 
compressors  at  a  maximum  air  pressure  of  1.14  MPa 
(130  psig)  ana  a  total  mass  flow  rate  of  2.03  kg/s.  The 
high  pressure  air  is  delivered  by  a  positive 
displacement  booster  compressor  at  pressures  up  to 
3.55  MPa  (500  psig)  at  a  maximum  mass  flow  rate  of 
0.68  kg/s.  Elcctro-pneumatic  control  valves  regulate 
the  air  pressure  upstream  of  sonic  venturi  nozzles  to 
enable  air  flow  rate  control. 

The  fuel  system  consists  of  a  high  pressure  fuel  pump 
capable  of  producing  fuel  pressures  up  to  10.4  MPa 
(1500  psig).  The  fuel  passes  through  a  pulsation 


Figure  3:  High  Pressure  Flow  Schematic 


dampener,  a  fine  filter,  a  turbine  meter  to  measure  the 
flow  rate,  and  finally  a  metering  valve  prior  to 
injection  into  the  pressure  vessel.  The  fuel  line  also 
has  a  solenoid  valve  to  provide  remote  fuel  shut  off 
capability. 

The  facility  utilizes  a  bank  of  three  electric  air 
circulation  heaters  to  provide  up  to  650°C  air  preheat. 
These  three  heaters  have  electrical  power  ratings  of 
250  kW,  167  kW.  and  67  kW.  They  are  equipped  with 
closed  loop  temperature  controllers  that  provide  stable 
outlet  temperatures  over  a  wide  range  of  operating 
pressures  and  desired  outlet  temperatures.  The  piping 
leading  from  the  exit  of  the  air  preheaters  to  the 
pressure  vessel  is  insulated  to  minimize  thermal  losses. 

The  exhaust  system  is  designed  to  condition  the  hot 
combustion  products  exiting  the  combustor  at  high 
pressure  in  order  to  protect  the  exhaust  valve  that 
throttles  the  combustor  pressure.  This  cooling  is 
provided  by  injecting  water  at  high  pressure  from  a 
water  pump  directly  into  the  exhaust  by  means  of 
specially  located  nozzles.  This  water  evaporates, 
cooling  the  exhaust  gases,  and  then  the  unevaporated 
water  is  separated  in  a  make-up  water  tank  and  re¬ 
supplied  to  the  water  pump. 

3.  EVALUATION 

3.1  Combustor 

The  combustor  used  for  evaluation  is  itself  novel  in 
construction  although  patterned  after  a  model 
atmospheric  laboratory  combustor  introduced  by 
Cameron,  Brouwer,  and  Samuelsen  (1988,  Ref.  14). 
While  the  original  combustor  was  designed  with 
separately  metered  wall  jets  and  a  water  cooled  wall 


for  atmospheric  pressure  studies,  the  combustor 
designed  for  the  present  application  is  distinctly 
different  in  order  to  (1)  accommodate  the  pressures  and 
temperatures  experienced  in  practical  systems,  and 
(2)  represent  combustor  features  of  practical  design 
and  construction.  The  first  distinction  is  that  the 
combustor  is  plenum  fed.  Second,  the  combustor  is 
fabricated  with  design  features  and  materials  that  are 
representative  of  practical  state-of-the-art  systems.  In 
particular,  the  combustor  (Figure  4)  is  manufactured 
from  a  high  temperature  alloy,  Hastelloy-X,  which  is 
commonly  used  for  industrial  gas  turbine  combustor 
construction.  Third,  wall  cooling  is  provided  by  a 
matrix  of  laser  drilled  effusive  cooling  holes  in  the 
combustor  wall.  These  holes,  0.5  mm  in  diameter,  are 
drilled  at  an  angle  of  2C°.  There  are  three  effusive 
cooling  hole  pattern  densities  along  the  length  of  the 
combustor.  The  most  dense  pattern  exists  from  the 
inlet  plane  of  the  combustor  to  the  beginning  of  the 
dilution  holes,  the  medium  density  pattern  then  extends 
through  half  of  the  remainder  of  the  combustor  length 
with  the  least  dense  pattern  extending  the  remainder  of 
the  combustor  length.  The  combustor  has  an  internal 
diameter  of  80  mm,  a  length  of  45.7  ent,  and  features 
two  rows  of  wall  jets  ("primary"  and  "dilution"  holes) 
with  four  jets  per  row.  The  two  rows  are  located  one 
and  two  combustor  diameters  downstream  of  the 
atomizer  plane,  respectively. 

The  inlet  of  the  combustor  is  attached  via  a  flange  to  a 
headstock  mounted  onto  the  translatable  vertical  test 
fixture  support.  The  exit  is  connected  to  an  exhaust 
seal  tube  which  forces  all  of  the  plenum  air  through  the 
combustor.  The  aerodynamic  swirlcr  is  mounted  to  the 
face  of  the  headstock  and  is  also  plenum  fed.  The 
exhaust  seal  tube  is  35.6  cm  long  with  an  axial  sliding 
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seal  mounted  on  its  outside.  The  exit  of  the  seal  tube  is 
81.3  cm  from  the  injector  plane. 

The  combustor  is  ignited  using  a  permanently-mounted 
hydrogen  torch  ignitor  located  just  upstream  of  the 
aerodynamic  swirler.  The  torch  flame  is  ignited  by  an 
electric  spark,  passes  through  the  swirler  with  the 
plenum  air,  and  contacts  the  outer  edge  of  the  liquid 
fuel  spray. 


The  dome  assembly  is  flexible  and  is  varied  to  meet 
the  needs  of  the  experiment  The  aerodynamic  swirler 
in  the  present  application  has  60°  flat  swirl  vanes  with 
an  inner  diameter  of  27.5  mm  and  an  outer  diameter  of 
36.6  mm.  The  theoretical  swirl  number  for  the  swirler 
is  1.S7.  The  expansion  from  the  outside  diameter  of 
the  swirler  to  the  combustor  duct  diameter  is  achieved 
with  a  stainless  steel  quart  at  an  angle  of  45°.  The  air 
flow  partitioning  within  this  combustor  geometry  is 
determined  from  pressure  drop  measurements  at 
atmospheric  pressure.  The  flow  splits  for  the  swirler, 
primary  jets  and  dilution  jets  are  1:1:2  excluding  wall 
cooling  air.  This  partitioning  of  air  within  the 
combustor  results  in  a  near  stoichiometric  overall 
primary  zone  equivalence  ratio. 

3.2  Atomizers 

The  facility  is  designed  to  incorporate  several  different 
atomizers  ranging  from  practical  air  blast  to  research 
air  assist  To  provide  the  wide  fuel  flow  range  and 
controlled  atomizer  characteristics  required  for  the 
present  study,  a  twin-fluid,  air-assist  atomizer  was 
employed  with  two  different  inserts.  This  atomizer, 
shown  in  Figure  S,  was  developed  by  Parker  Hannifin 
and  produces  a  high  degree  of  symmetry  and 
reproducibility  for  inter-laboratory  comparison. 

The  core  of  the  atomizer  is  an  externally  mixing,  air- 
assist  nozzle,  called  the  Research  Simplex  Atomizer 
(RSA).  The  fuel  exits  from  a  centrally  located  simplex 
atomizer  tip  and  is  contacttd  by  swirling  atomizing  air. 
The  swirl  of  the  atomizing  air  and  the  combustor 
aerodynamic  swirler  are  co-swirling.  The  simplex  tip 
of  the  RSA  is  interchangeable  to  vary  liquid  flow  rate 
range,  droplet  diameter,  and  spray  cone  angle.  The 
difference  between  the  low  and  high  flow  rate 
configurations  lies  only  in  the  simplex  tip  (i.e.,  the 
atomizer  geometry  and  nozzle  air  swirler  remain 
constant).  The  two  simplex  tips  have  Flow  Numbers 
(FN)  of  1.35  and  4.57  [ (lb/hr)/(psi)0-5 ]  and  produce 
nominally  30  micron  droplets  as  measured  by  the  laser 
diffraction  technique  at  a  fuel  pressure  drop  of  687  kPa 
(100  psid).  While  the  RSA  is  not  a  production 
industrial  gas  turbine  atomizer,  the  atomizer  displays 
many  of  the  features  of  practical  gas  turbine  atomizers 
such  as  (1)  a  pressure  atomizing  simplex  tip  and  (2)  air 
injection  to  aid  in  the  formation  of  a  fine  fuel  spray. 

3 3  In-Situ  Species  Measurement 
The  combustor  is  fitted  with  emissions  probes  in  two 
locations,  a  traversable  radial  probe  at  an  L/H  of  2.66 
and  an  exit  plane  probe  at  an  L/H  of  10.16.  The 
traversable  probe  can  be  fitted  into  ports  on  the 
combustor  that  are  between  the  dilution  jets  or  directly 
in  line  with  the  dilution  jets.  The  traversable  probe  is 
constructed  of  9.5  mm  stainless  steel  outer  tube  and 
features  closed  circuit  water  cooling.  Axial  seals  are 
used  at  both  the  junction  of  the  probe  into  the 
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Figure  5:  Research  Simplex  Atomizer 


combustor  and  where  the  probe  passes  through  the 
pressure  vessel  wall.  A  stepper  motor  is  used  to  drive 
the  probe  along  its  traverse.  The  exit  plane  emissions 
probe  is  constructed  from  a  12.7  mm  stainless  steel 
tube  that  is  mounted  perpendicular  to  the  exhaust  flow 
of  the  vertically  down-fired  combustor.  Three  small 
holes  are  located  along  the  length  of  the  exit  plane 
emissions  probe.  This  arrangement  provides  an  area- 
weighted  average  of  the  total  combustor  emissions. 
Liquid  cooling  for  the  exit  plane  emissions  probe  is 
supplied  through  the  base  of  the  probe  and  exits  into 
the  exhaust  system  from  a  small  orifice  at  its  end. 
While  the  use  of  intrusive  emissions  probes  can  pose  a 
flow  perturbation  problem,  the  probe  diameters  were 
reduced  to  an  extent  which  minimizes  flow 
perturbations  while  maximizing  probe  lifetime. 

The  emissions  sample  is  retained  in  a  heated  state  to 
prevent  hydrocarbon  and  water  condensation. 
Particulate  is  removed  using  in-line  filters  and  a  meter 
valve  controls  sample  the  flow  rate  at  high  test 
pressures.  The  sample  then  passes  through  a  heated 
sample  line  to  either  an  emissions  console  or  a  hot 
Flame  Ionization  Detector  (FID).  The  emissions 
console  consists  of  a  chemiluminescent  NOx  analyzer 
and  separate  instruments  to  measure  the  concentrations 
of  CO,  C02,  and  02.  The  hot  FID  is  used  to  determine 
the  number  of  carbon  atoms  in  CH  bonds  that  are 
present  in  the  emissions  sample. 

Note  that  optical  diagnostics  are  not  included  in  this 
study.  While  optical  measurements  have  been  made 
and  reported  under  non-reacting  conditions  (Ref.  13), 
attention  is  directed  here  to  exhaust  measurements 
(to  assess  overall  performance  and  utility  of  the 
facility),  and  in-situ  extractive  probe  measurements  (to 
assess  the  utility  and  value  of  in-situ  measurements). 
Optical  measurements,  while  valuable,  need  to  be 
applied  under  select  conditions  of  particular  interest 
One  objective  of  this  study  is  to  establish  conditions 


for  conducting  the  relatively  complex  and  time¬ 
intensive  optical  measurements. 

34  Test  Conditions 

The  operating  conditions  investigated  in  this  study 
were  conducted  at  a  constant  equivalence  ratio  of  0.3 
and  a  nozzle  air-to-liquid  ratio  (ALR)  of  one.  The 
combustor  was  fired  with  liquid  Jet-A  fuel.  Variations 
in  reference  velocity,  air  preheat  temperature,  and 
combustor  pressure  were  explored.  Three  reference 
velocities  were  considered  (10,  IS  and  20  m/s)  to 
provide  a  variation  in  combustor  residence  time  and 
pressure  drop  across  orifices  in  the  combustor. 
(Residence  velocity  is  defined  here  at  the  combustor 
inlet  density,  p3,  and  the  combustor  cross-section 
area.  A,).  Air  preheat  temperatures  of  204°C,  315°C, 
and  427°C  were  evaluated  to  provide  data  from  the 
absence  of  air  preheat  to  conditions  approaching  the 
regime  of  practical  gas  turbine  combustor  inlet 
temperatures  at  cruise.  Combustor  pressures  tested 
were  2, 4, 3,  6,  8  and  10  atm.  The  test  matrix  for  this 
first  demonstration  did  not  include  all  possible 
combinations  of  these  operating  conditions  to 

(1)  preclude  the  possibility  of  combustor  damage  from 
exceedingly  high  combustor  wall  temperatures,  and 

(2)  ensure  minimum  heater  air  flow  rates. 

4.  RESULTS 

4.1  Facility 

The  facility  operated  as  designed.  While  many  minor 
hurdles  had  to  be  surmounted  during  the  initial 
operation  and  shake-down,  no  major  or  unexpected 
challenges  were  encountered.  Operation  over  hours  of 
testing  time  became  routine.  The  following  section 
presents  results  from  the  evaluation  study  to  illustrate 
the  type  and  utility  of  data  that  can  be  acquired  from 
in-situ  measurements  under  practical  operating 
conditions. 

4 2  Combustor 

The  combustor  exhibited  stable  operation  over  the 
range  of  operating  conditions  adopted  for  the 
evaluation  study.  Emissions  data  were  acquired  with 
both  the  traversable  radial  emissions  probe  and  the  exit 
plane  probe. 

4.2.1  Exhaust  Measurements 

The  combustion  efficiency  was  high  at  air  preheat 
levels  representative  of  most  practical  gas  turbines 
(e.g.,  260°Q.  For  all  cases  at  and  above  this 
temperature,  the  combustion  efficiency  exceeded 
99.9%. 

The  effect  of  operating  conditions  on  NOx  exit  plane 
emissions  is  shown  in  Figure  6.  NOx  emissions 
increase  with  increasing  inlet  air  temperature  and  air 
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Figure  6:  Exit  Plane  NOx  Emissions 


pressure,  and  with  decreasing  combustor  relative 
velocity.  While  the  inlet  air  temperature  has  a  strong 
effect  on  N0X  emission,  the  effect  of  increased 
combustor  pressure  is  less  pronounced.  The  N0X 
concentration  (210  ppm;  El  of  13.S  gNOx/kgfucl)  at  the 
highest  inlet  temperature  and  pressure  considered 
(800°F,  10  atm  and  IS  m/s)  is  approximately  the  same 
as  reported  by  Lefebvre  (1983,  Ref.  15)  in  practical 
hardware  at  similar  operating  conditions. 

The  effect  of  residence  time  is  clarified  in  the  plot  of 
Figure  7  where  the  data  are  presented  for  one  inlet 
temperature.  An  increase  in  relative  velocity  has  two 
effects:  (1)  A  reduction  in  residence  time  and  an 
associated  decrease  in  the  production  of  NOx,  and 
(2)  an  increase  in  the  pressure  drop  across  the 
combustor  liner  and  corresponding  increase  in  mixing 
effectiveness  within  the  combustor. 

4.2.2  In-Situ  Measurements 
Figure  8  illustrates  in-situ  data  for  02,  CO,  HC  and 
NOx  for  representative  traverses  from  the  radial 
emissions  probe.  The  data,  collected  in  this  case 


Figure  7:  Effect  of  Relative  Velocity. 


along  a  radius  bisecting  the  dilution  jets,  reveal  that  the 
jets  penetrate  to  the  centerline.  Oxygen 
concentrations,  for  example,  are  high  along  the 
centerline,  and  concentrations  of  NOx,  CO  and  HC  are 
relatively  low  due,  in  part,  to  the  dilution  of  the  jets. 
The  effluent  from  the  dome  is  forced  between  the  jets 
as  reflected  by  the  elevated  concentrations  of  HC  and 
CO  (at  the  low  air  preheat  temperature)  and  NOx  (at 
both  air  preheat  temperatures).  At  the  higher  air 
preheat  temperature.  CO  and  HC  are  effectively 
oxidized  and  NOx,  as  expected,  increases.  Note  that 
this  region  of  the  combustor  represents  the  largest  mass 
emission  and,  as  a  result,  is  the  least  desirable  region  in 
which  to  experience  a  peak  in  NO  concentration. 

5.  SUMMARY 

The  current  study  describes  a  novel  high  pressure 
facility  for  the  conduct  of  controlled  gas  turbine 
combustion  experiments  with  the  capability  to  obtain 
in-situ  measurements  under  practical  operating 
conditions  using  both  extractive  probes  and  optical 
diagnostics.  A  demonstration  study  has  been 
conducted  to  both  evaluate  the  operation  of  the  facility 
and  to  illustrate  the  utility  of  acquiring  in-situ  data 
under  controlled  conditions.  In  addition,  an  example 
of  a  model  laboratory  combustor  that  is  plenum  fed, 
fabricated  from  state-of-the-art  combustor  liner 
materials,  and  constructed  with  state-of-the-art  liner 
cooling  design  has  been  introduced.  The  data  acquired 
reveal  that: 

•  The  NOx  production  from  the  combustor 
corresponds  to  that  obtained  from  practical 
gas  turbine  combustors  at  similar  operating 
conditions.  Thus,  data  can  be  produced 
that  serve  as  a  baseline  comparison  to 
other  conventional  and  advanced  gas 
turbine  combustor  designs. 

•  The  emissions  of  NOx  increase  with 
increasing  ambient  temperature,  increasing 
combustor  pressure,  and  decreased  relative 
velocity. 


N0X  fppm)  S  02  (vol.  %)  CO  (ppm)  HC  (ppm) 
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*  The  in-situ  measurements  provide  insights 
into  the  acrothermochemistry  processes 
occurring  within  the  combustor.  As  NOx 
emissions  are  lowered  by  regulatory 
mandate,  an  understanding  of  these 
processes  will  be  needed.  At  a  minimum, 
additional  in-situ  data  will  be  desirable 
using  extractive  probes.  In  addition, 
opticu!  measurements  (and  the  time 
resolution,  spatial  lesolution,  and  absence 
of  perturbation  that  they  offer)  appear 
attractive  if  not,  in  fact,  necessary  under 
select  conditions. 
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Discussion 


Question  1.  C.  Bruno 

1.  What  was  the  carbon  number  of  your  HC  measurements? 

2.  a)  Did  you  extract  a  pressure-dependence  from  the  NO,  vs.  P,  U,ir  data? 
b)  Did  you  see  a  dear  pressure  exponent  dependence  on  U,„? 

Author's  Reply 

1.  The  carbon  number  of  the  HC  measurements  is  one.  The  hot  flame  ionization  detector  used  for  the  HC  measurements  .  ’as 
calibrated  using  propane  in  nitrogen  at  a  concentration  of  152  ppm.  The  instrument  was  then  set  to  read  three  times  the  propane 
calibration  concentration  to  account  for  the  number  of  carbon  atoms  per  propane  molecule. 

2a  The  data  acquired  to  date  are  too  sparse  to  statistically  address  the  pressure  exponent.  For  this  reason,  pressure  exponent 
data  are  not  presented  in  the  paper.  This  notwithstanding,  we  have  conducted  a  cursory  analysis  to  establish  a  general  trend,  if 
any.  The  data  were  fitted  to  the  expression: 

NOx  |EI|  a  ;tP‘! 

where  a  «  constant 

P  “  pressure  in  atm 
n  —  pressure  exponent 

The  majority  of  the  data  reveal  a  pressure  power  relationship  with  exponents  that  range  between  0.2  and  0.5.  However,  some 
cases  reveal  pressure  exponents  as  high  as  0.86  and  as  low  as  0.1  "5.  In  addition  to  affecting  the  chemistry,  the  ambient  pressure 
will  affect  atomization  quality  and  fuel  distribution  in  the  dome,  and  the  mixing  process  within  the  combustor.  This  facility  offers 
the  opportunity  t:>  explore,  in  the  future,  these  factors  in  a  controlled  environment. 

2b  The  data  are  not  yet  sufficient  to  explore  for  a  consistent  pressure  exponent  dependence  on  Ua„. 

Question  2.  Dr  Gordon  Andrews 

Congratulations  on  the  development  of  a  fine  high  pressure  combustion  test  facility.  Your  results  appear  to  indicate  a  NO, 
pressure  exponent  on  0.5  at  the  highest  and  well  below  this  for  other  configurations.  Was  the  NO,  exponent  influenced  by  the 
change  in  fuel  injector  with  pressure? 

Author’s  Reply 

The  NOx  pressure  exponent  was  affected  by  a  change  in  the  simplex  fuel  injector  tip  Figure  7  shows  this  variation  quite  well  at  a 
temperature  of  427*C.  The  cases  corresponding  to  a  15  and  20  m/s  reference  velocity  illustrate  an  increase  in  the  emission  of 
NO,  when  the  low  flow  tip  is  exchanged  with  the  high  flow  tip.  For  the  15  m/s  case,  the  data  reveal  a  NO,  pressure  exponent  of 
0.15  foi  the  low  flow  tip,  0.29  for  the  high  flow  tip,  and  0,34  for  the  overall  low  and  high  flow  tip  data  combined.  The  20  m/s  case 
has  a  0.26  pressure  exponent  for  the  low  flow  tip,  0.20  for  the  high  flow  tip  and  a  0.39  pressure  exponent  for  the  combiner!  low 
and  high  flow  tip  data.  The  change  in  NO,  emission  that  results  from  a  change  in  the  simplex  tip  illustrates  that  fuel/air  mixing  in 
the  primal y  zone  can  affec*  the  production  of  NO,.  In  addition,  the  range  of  pressure  dependency  for  each  tip  suggests  that 
atomization  quality  may  be  a  factor  (in  addition  to  chemistry,  and  turbulent  mixing)  in  establishing  the  dependency  of  NO,  on 
combustor  pressure. 

Question  3.  Cliff  Moses 

What  do  you  consider  to  be  the  reason  for  the  effect  of  reference  velocity?  Shorter  residence  time  or  increased  turbulent  mixing 
associated  with  the  higher  liner  pressure  drop? 

Author’s  Reply 

While  an  increase  in  reference  velocity  results  in  a  decrease  in  the  residence  time  that  gases  are  in  the  thermal  NO  production 
regime,  the  complete  mechanism  for  the  effect  of  reference  velocity  on  NO  emission  is  not  clear  from  the  sparse  data  that  have 
been  acquired  to  date.  An  increase  in  the  reference  velocity  increases  the  liner  pressure  drop  and,  as  a  result,  the  turbulent  mixing 
which  may  change  the  number  and  lifetime  of  high  temperature  pockets  of  gas  which  produce  excessive  quantities  of  NO. 
Additional  data  are  required  to  delineate,  in  this  particular  combustor,  the  relative  roles  of  mixing  and  residence  time  on  the 
production  of  NO,  as  reference  velocity  is  increased. 
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ABSTRACT 

As  part  of  an  ongoing  program  of  continuous  improvement  by 
control  of  gaseous  emissions  from  the  combustors  of  gas 
turbines,  a  unique  fuel-staged  annular  combustor  is  being 
developed  for  application  to  current  and  future  Pratt  &  Whitney 
aircraft  engines.  The  configuration  advantages  of  this  combustor 
are  outlined,  and  discussions  are  presented  on  staging 
considerations  and  fuel  system  impacts.  Development  of  the 
fuel-staged  combustor  is  described  by  reference  to  supporting 
mixing  experiments  and  computational  fluid  dynamic  studies, 
and  rig  tests  at  high  pressures.  Measured  results  are  given 
appropriate  for  the  International  Aero  Engines  (IAE)  V2500 
engine  that  show  progressive  reductions  in  achieved  emissions 
compared  to  the  goals  established  for  this  program. 


NOMENCLATURE 

ADP  Advanced  ducted  propfan 

ASC  Axially-staged  combustor 

CAS  Coke  avoidance  system 

El  Emissions  index,  gm  pollutant/kg  fuel  burned 

EPAP  Environmental  Protection  Agency  parameter,  the 

integrated  emissions  around  a  defined  landing  and 
takeoff  cycle,  gm  pollutant/kN  rated  thrust 
F  Rated  thrust,  kN 

H  Combustor  (effective)  dome  height 

K  Kinetic  energy  of  turbulence 

L  Combustor  (burning)  length 

OFAR  Combustor  overall  fuel  to  air  ratio  by  mass 
P,  (P3)  Air  pressure  at  combustion  section  inlet 
PHI  Equivalence  ratio,  FAR  divided  by  that  for 

stoichiometric  burning 

RBQQLB  Rich  burn,  quick  quench,  lean  burn  combustor 
configuration 

SFC  Specific  fuel  consumption 

SN  SAE  smoke  number 

T,  (T3)  Air  temperature  at  combustion  section  inlet 

W,  (WAB)  Combustor  total  airflow 

tly  Fuel  mass  flow  rate 

t  Time  in  operating  mode  for  EPAP  calculation 

t  Dissipation  rate  of  kinetic  energy  of  turbulence 

A T  Temperature  rise  across  combustor 


I.  INTRODUCTION 

Public  and  Governmental  concerns  over  the  environment  have 
again  become  matters  of  oftcn-vigorous  discussion  throughout 
the  world,  and  especially  so  in  Europe.  Of  particular  interest  is 
the  direction  and  magnitude  of  possible  climatic  changes 
(Ref.  1)  through  acceleration  of  global  warming,  and  ozone 
depletion,  due  to  man-made  pollutants  being  introduced  into  the 
upper  atmosphere.  Although  aircraft  operations  are  currently 
only  small  contributors  to  the  overall  annual  emission  of 
pollutants,  aircraft  are  a  direct  source  of  these  pollutants  in  the 
upper  atmosphere.  There  is  speculation  that  persistent  local 
concentrations  of  pollutants  introduced  by  aircraft  can  exist 
along  heavily-travelled  air  comdoix  such  as  the  Western 
Approaches  to  Europe,  North-South  routes  along  the  Eastern 


seaboard  of  the  United  States,  and  U.S.  East-West 
transcontinental  routes.  If  these  concerns  are  justified,  the 
growth  of  air  operations  can  only  exacerbate  the  problem 
(Ref.  2). 

The  gaseous  pollutants  from  aircraft  operations  that  are  of 
concern  are  unbumed  hydrocarbons  (UHC),  carbon  monoxide 
(CO),  carbon  dioxide  (CO2),  water  vapor,  and  oxides  of  nitrogen 
(NOx);  particulate  matter  in  the  form  of  soot  is  also  important. 
Carbon  dioxide  and  water  vapor  are  the  products  of  complete 
combustion  of  hydrocarbon  fuels  in  air.  Combustion 
inefficiencies  produce  UHC  (mostly  methane  but  with  traces  of 
many  hydrocarbons  including  odorants),  CO,  and  soot  particles; 
the  ratio  of  UHC  to  CO  is  usuu'ly  much  less  than  unity.  The 
oxides  of  nitrogen  (mostly  nitric  oxide  {NO}  with  a  few  percent 
of  nitrogen  peroxide  {NO2}  together  with  a  little  nitrous  oxide 
{N2O}  and  nitrogen  tetroxide  {N2O4})  appear  from  two  causes: 
from  so-called  “prompt  NOx”  where  in  fuel-rich  regions  of  the 
combustor  fuel  fragments  react  preferentially  with  atmosoheric 
nitrogen  to  form  cyanogen,  which  is  subsequently  reacted  via  the 
radical  pool  to  NO  via  NH2.  and,  from  direct  thermal  fixation  of 
atmospheric  nitrogen  due  to  the  high  temperatures  present  in  the 
combustor.  For  total  levels  typical  of  current  engines,  the 
majority  of  the  NOx  is  NO  produced  by  thermal  fixation.  Nitric 
oxide  produced  in  the  combustion  process  is  oxidized  in  the 
presence  of  excess  oxygen  relatively  slowly  to  N02  in  the  lower 
temperature  exhaust  plume.  Nitrogen  tetroxide  appears  to  exist 
in  equilibrium  with  NO2. 

Since  temperature  is  a  major  driving  force  in  the  production  of 
alt  of  these  pollutants,  the  proportions  of  the  constituents  in  the 
exhaust  vary  in  general,  according  to  the  power  setting  of  the 
engine.  Thus,  most  of  the  UHC  and  CO  are  produced  at  low 
temperature,  low  power  operation;  and  most  of  the  NOx  and  soot 
are  produced  at  high  temperature,  high  power  operation. 

The  effect  on  the  atmosphere  of  the  pollutants  depends  strongly 
on  altitude,  and  three  atmospheric  bands  have  to  be  considered: 
sea  level,  the  troposphere,  and  the  stratosphere. 

At  sea  level  and  in  the  lower  atmosphere,  the  CO,  UHC  and  NOx 
can  contribute  to  photochemical  smog.  NOx  can  result  in 
damage  to  plant  life,  as  well  as  add  to  the  acid  rain  problem  to 
a  limited  extent.  N2O4  is  very  poisonous,  it  and  N2O  are 
brown-colored  gases  that  can  give  the  engine  exhaust  plume  a 
characteristic  brownish  tinge  when  their  concentrations  are 
sufficiently  high  and  the  level  of  soot  is  low.  The  soot  particles 
are  not  pure  carbon  but  are  actually  fibrous  conglouerates  of 
carbon  and  partially-reacted  fuei  fragments.  They  are  extremely 
small  and,  therefore,  do  not  settle  out  from  the  air  very  readily. 
The  number  density  of  these  par.icles  is  very  large,  although  the 
mass  involved  is  not  high.  These  are  all  mostly  local  effects  that 
are  confined  to  airport  environs. 

At  altitude,  the  particulate  matter  and  water  vapor  can  result  in 
local  modifications  to  cloud  cover  (Ref.  3),  with  possible 
long-term  effect  on  the  Earth’s  albedo.  The  soot  particles  may 
also  serve  as  condensation  nuclei  and  active  sites  for  other 
atmospheric  chemistry  -  both  good  and  bad.  Carbon  dioxide, 
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methane,  water  vapor  and  nitrous  oxide  are  all  greenhouse  gases 
that  can  contribute  to  atmospheric  warming  trends  by  trapping 
infrared  radiation  from  the  Earth.  Carbon  monoxide  is  not  a 
greenhouse  gas,  but  reduces  presence  of  the  hydroxl  radial  (OH), 
which  in  turn  tends  to  harm  the  self-cleansing  capability  in  the 
troposphere  through  minimizing  the  action  of  OH  in  removing 
ozone,  which  is  a  greenhouse  gas.  In  the  troposphere,  NO  can 
create  ozone,  thus  adding  to  the  greenhouse  effect  (Ref.  4). 

In  the  stratosphere  under  the  influence  of  ultraviolet  radiation 
from  the  sun,  photo-dissociation  and  photolysis  of  ozone  and 
water  vapor  can  produce  OH.  NO  and  OH  can  destroy 
atmospheric  ozone  by  catalytic  scavenging,  which  is  an 
extremely  efficient  process. 

European  airlines  appear  to  be  especially  awate  of 
environmental  pressures  (Ref.  5)  from  their  communities.  In 
their  desire  to  be  “good  neighbors,"  these  airlines  wisii  to  do 
something,  and  are  requesting  the  assistance  of  the  engine 
manufacturers  for  both  near-term  but  worthwhile  emissions 
reductions,  and  more  substantial  reductions  for  the  longer  term. 
The  regulatory  agencies,  such  as  the  U.S.  Environmental 
Protection  Agency  (EPA),  are  reviewing  existing  legislation  in 
light  of  the  long-term  effects  of  atmospheric  pollution.  For  the 
first  time,  consideration  is  being  given  to  requirements  for 
reduction  of  emission;  generated  at  aircraft  cruising  altitudes,  in 
addition  to  tightening  up  the  permissible  levels  around  the 
landing  and  takeoff  cycle  presently  covered  by  existing 
International  Civil  Aviation  Organization  (ICAO)  regulations 
for  aircraft  (Kef.  6).  Government  research  agencies  like  the  U.S. 
National  Aeronautics  and  Space  Administration  (NASA)  are 
beginning  to  undertake  studies  and  active  programs  on  all 
aspects  of  atmospheric  pollution  by  aircraft  (Refs.  7,8). 

There  are  many  unresolved  questions  concerned  with  the 
detailed  effects  of  atmospheric  pollutants  on  the  atmosphere, 
how  to  make  emissions  measurements  at  altitude  and  how  to 
scale  those  measurements  to  other  conditions,  and  mechanisms 
whereby  engines  actually  produce  emissions  at  altitude.  Despite 
these  unknowns  and  although  the  direct  correspondences  of 
aircraft  emissions  with  climate  and  health  are  not  precise,  the 
engine  manufacturers  are  responding  positively  to  the  concerns 
and  needs  of  their  customers,  and  are  also  cooperating  actively 
with  the  various  government  agencies. 

The  engine  manufacturers  recognize  the  social  tesponsibility 
incumbent  upon  the  airline  industry,  and  in  consequence  have 
committed  to  programs  of  long-term  research  and  development 
effort  to  achieve  continuous  improvement  in  emissions 
reduction.  They  also  understand  that  emissions  reductions 
cannot  be  achieved  at  the  expense  of  deteriorations  in  engine 
reliability,  safety,  repairabllity,  overhaul  lives  or  direct  operating 
costs. 

2.  BACKGROUND 

Past  efforts  at  emissions  control  have  resulted  in  the  modern, 
large,  turbofan  engine  having  combustion  efficiencies  that  are  in 
excess  of  99  percent  at  and  above  idle  power  levels,  and  exhaust 
plumes  at  takeoff  power  that  are  essentially  free  ftom  visible  soot 
traces. 

The  improvements  in  idle  power  combustion  efficiency  were 
achieved  in  two  ways:  first,  by  raising  the  combustor  burning 
zone  equivalence  ratio  to  increase  gas  temperatures  and  so 
enhance  chemical  reaction  rates;  and  second,  by  changing  the 
fuel  injector  liquid  spray  characteristics  to  keep  unreacted  and 
partially-reacted  fuel  out  of  the  relatively  low  temperature  film 
cooling  air  introduced  for  combustor  liner  durability. 
Incompletely  teacted  fuel  entering  the  film  cooling  can  be 
chilled  and  the  composition  frozen  through  to  the  comburtor 
exit.  The  smoke  problems  at  high  engine  power  settings  were 
addressed  by  replacing  pressure-atomizing  fiH  injectors  with 


aifblast-atomizing  types  to  take  advantage  of  the  superior 
atomization,  better  fuel/air  mixing  and  constant  spray 
trajectories  offered  by  these  designs.  These  techniques  have 
proved  to  be  highly  successful. 

Without  a  change  in  fuel  type,  the  only  way  to  produce  less  CO2 
and  water  vapor  in  the  engine  exhaust  Is  to  bum  less  hydrocarbon 
fuel.  The  continuing  improvements  with  time  in  engine  specific 
fuel  consumption  that  high  pressure  ratios,  high  bypass  ratios 
and  high  turbine  inlet  temperatures  have  brought,  together  with 
improvements  in  aircraft  efficiency,  have  resulted  in  modern 
transport  aircraft  on  a  seat-kiiometer  basis,  only  burning  about 
40  percent  of  the  fuel  used  by  th ;  first  Boeing  707  transport  that 
entered  transatlantic  service  in  1958  (Ref.  9).  This  progress  in 
reduction  of  fuel  burn  will  continue  with  the  advent  of  the 
Advanced  Ducted  Propfan  (ADP)  engine  which  has  an 
ultra-high  bypass  ratio,  gear-driven  fan,  and  similar  machines, 
that  can  offer  another  10  percent  or  more  reduction  in  specific 
fuel  consumption. 

Not  only  does  reduced  fuel  burn  lower  direct  operating  cost,  to 
the  airlines,  it  also  reduces  pollution,  i.e.,  a  reduction  in  ail 
pollutants  -  CO2  and  water  vapor  directly,  and  CO,  UHC  and 
NOx  indirectly  through  the  takeoff-landing  cycle-integrated 
parameter, 

2  (H  x  t  x  m.) 

Dd  IF  (EPAP)  -  cyc!< -  j?m.  pollutant/kN  thrust 
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Unfortunately,  those  very  combustor  design  features  and  engine 
cycles  that  produce  these  performance  gains  and  reductions  in 
selected  exhaust  emissions  result  in  increased  operating 
temperatures  in  the  burning  zones  of  the  combustor  at  all  engine 
power  levels.  These  higher  reaction  temperatures  have  tended  to 
elevate  the  formation  rates  of  NOx.  Thus,  although  the  NOx 
EPAP  of  the  ADP  engine  can  fall  due  .0  the  favorable  influence 
of  SFC,  the  absolute  level  of  NOx,  expressed  as  an  emission 
index  (El),  where, 

El  -  gm  pollutant/kg  fuel  hunted 

can  rise  due  to  the  increased  formation  rate.  It  is  apparent, 
therefore,  that  the  major  pollutant  of  immediate  concern  to  the 
combustion  engineer  is  NOx. 

3.  PROGRAM  STRATEGY  AND  GOALS 

Pratt  &  Whitney  selected  the  IAE  V2500-A5/D5  engine  as  the 
lead  vehicle  for  its  emission  reduction  efforts.  Tht  reason  ft  >r  this 
choice  was  the  relatively  small  size  of  the  engine  (133.4  kN 
thrust).  As  the  smallest  modern  turbofan  engine  with  which  Pratt 
&  Whitney  is  associated,  the  V2500  presented  the  most  severe 
challenge  in  terras  of  available  spatial  envelope  within  which 
modified  or  redesigned  combustors  would  have  to  be 
accommodated.  The  technology  resulting  from  the  program 
could  then  be  readily  applied  to  other,  larger  engines,  as 
appropriate. 

Pratt  A  Whitney  decided  upon  a  three-phase  program  plan  with 
continuing  reductions  in  NOx.  By  these  means,  the  airline 
customers  could  select  a  suitable  level  of  NOx  reduction  for 
compliance  with  regulations,  and  demonstrate  progressive 
improvements  to  the  environmental  groups. 

The  different  phases  of  the  program  were  delineated  by  the 
technology  level  and  degree  of  engine  modification  required. 
Phase  I  was  defined  as  representing  a  conventional  combustor 
with  modest  modifications  for  which  the  technology  was  in 
hand.  Phase  II  wxs  defined  as  a  significantly  modified  combustor 
design  for  which  technology  development  would  he  necessary. 
Phase  HI  was  defined  as  a  combustor  having  significant 


departures  from  conventional  design  for  which  both  researcn  candidate  concepts  and  configurations  using  an  analytic  method 
and  technology  development  would  be  required.  and  numerical  scoring  system. 


The  goals  and  schedule  far  the  program  were  established  as 
shown  below: 


Table  1 

Program  Goals  and  Schedule 

Delta  NOx 

Thrust 

Date 

Chaa£ 

EfAEiai 

(kJS) 

(Month/Ycar'i 

1 

-15 

133.4  (A5) 

12/92 

-30 

111.2  (A5) 

12/92 

II 

-40 

133.4  (A5) 

12/95 

IM 

-70 

133.4  (A5) 

+2000 

The  delta  NOx  EPAPs  in  the  table  are  relative  to  the  conventional 
V250G  combustor  in  the  -A1  model  of  the  engine.  The  Phase  I 
goals  quoted  at  two  levels  represent  the  -A5  model  cycle 
operated  at  its  rated  thrust  and  at  the  -A1  model  lower  thrust 
level. 

4.  NO*  REDUCTION  STRATEGIES 

Starting  in  November  1989  and  using  technology  that  was 
alteady  in  hand,  a  Phase  I  combustor  was  quickly  produced, 
developed  and  certified.  Figure  1  illustrates  the  emissions 
reductions  achieved  by  the  Phase  I  modifies1  ions  to  the 
combustor.  It  shows  that  the  predetermined  goals  were,  in  ract, 
met. 


Ftattd  3«a-L«v*l  Static  Thrust  (Mbs) 


Fig.  1  Nox  Status  in  V2500-A5/-D5  Engine,  Showing 
Phase  I  Improvements 


The  Phase  I  success  did  not  come  at  the  expense  of  CO,  UHC  or 
smoke  emissions,  all  of  which  remain  at  extremely  low  levels. 
The  combustor  durability  and  stability  were  not  adversely 
affected,  and  pattern  factors  and  radial  temperature  preflies  are 
acceptable  to  the  turbine.  The  Phase  I  technology  is  described  in 
Reference  10;  it  relies  on  an  axial  adjustment  of  the 
stoichiometry  disiribution  along  the  combustor  to  simulate  some 
aspects  of  fuel  staging.  The  -A5  Phase  I  combustor  is  also  a 
candidate  for  retrofit  into  the  existing  fleet  of  -A1  engines. 

Emission  control  strategies  have  been  reviewed  by  Lefebvre 
(Ref.  11),  and  a  summary  of  an  earlier  generation  of  low 
emissions  hardware  is  provided  in  Reference  12  Given  the 
success  of  quasi-fuel  staging  (Ref.  10)  in  Phase  I  and  Pratt  & 
Whitney’s  previous  true  fuel  staging  experience,  it  was  natural 
lo  continue  to  exploit  the  advantages  of  fuel  staging  (Ref.  1 1)  for 
the  Phase  II  approach.  The  actual  selection  process  used  at  Pratt 
&  Whitney  involved  a  rigorous  screening  effort  that  investigated 


The  intent  of  the  Phase  II  effort  was  decided  as  implementation 
of  true  fuel  staging  by  means  of  separately-controlled  fuel 
supplies  to  distinct  initial  and  secondary  burning  zones. 
Geometric  modifications  to  the  combustor  would  be  only  those 
necessary  to  accommodate  the  two  stages.  Other  than  staging,  no 
additional  technology  change  was  planned  for  the  Initial  Phase  II 
combustor. 

In  anticipation  of  Phase  III,  research  is  being  pursued  into  the 
logical  extension  of  the  Phase  I  approach.  As  implemented  in 
Phase  I,  the  quasi-fuel  staging  approach,  which  is  really  a  rich 
burn,  quick  quench,  lean  bum  (RBQQLB)  system,  is  constrained 
by  the  limitations  of  introducing  it  in  a  conventional  combustor 
format.  For  example,  in  Phase  I  the  rich  initial  burning  zone  has 
near-stoichiometric  interfaces  with  conventional  liner  film 
cooling  air  that  result  in  high  local  NOx  formation  rates,  and  the 
conventional  dilution  zone  does  not  provide  either  an  effective 
quick-quench  or  a  well-mixed  lean  secondary  burning  zone,  both 
shortcomings  again  resulting  in  higher  than  possible  NOx.  For 
Phase  III  in  the  year  2000+  time-frame,  the  rich  initial  burning 
zone  can  be  designed  with  allowance  for  anticipated 
developments  in  materials  science  and  fuel  injector  design.  The 
anticipated  advancements  in  these  areas  will  result  in  avoidance 
of  stoichiometric  nterfaces  in  the  initial  burning  zone,  and  will 
allow  it  to  operate  much  richer  without  the  production  of  excess 
smoke.  Similarly,  the  shape  of  the  combustor  can  be  altered  to 
produce  a  much-improved  quick-quench  section.  Finally, 
advances  in  fuel/air  mixing  capability  should  result  in  a 
well-mixed  lean  secondary  burning  zone.  Together,  these 
changes  result  in  a  level  of  technology  that  should  allow  the 
RBQQLB  concept  to  reach  its  full  potential  of  NOx  reduction. 


5.  HISTORICAL  PERSPECTIVE  ON  FUEL-STAGING 

As  an  emissions  reduction  approach,  fuel -staging  has  much  to 
commend  it  (Ref.  11).  Fuel-staged  combustors  had  their  origin 
in  the  NASA  Experimental  Clean  Combustor  Program  (ECCP) 
(Ref.  13)  that  was  initiated  in  the  early  1970s  to  address  initial 
concerns  with  atmospheric  pollution  and  the  anticipated  EPA 
regulations  for  aircraft  engines. 

As  part  of  the  ECCP  effort,  Pratt  &  Whitney  designed  and 
rig-evaluated  staged  combustors  in  can  form  for  the  JT8D  engine 
and  in  annular  form  for  the  JT9D  engine.  Two  annular 
configurations  were  considered  for  the  JT9D  engine.  These  were 
a  diffusion  flame,  swirl-stabilized  design  called  the  Vorbix  (Ref. 
14),  and  a  partially-premixed,  perforated  plate  flameholder 
design.  In  all  of  these  designs  except  for  the  letter,  the  two 
combustion  zones  were  arranged  in  series.  The  stages  in  the 
partially-premixed,  perforated  plate  flameholder  combustor 
were  in  a  staggered  in-line  arrangement,  necessary  to 
accommodate  the  flameholder  foi  the  main  stage  (secondary 
burning  zone).  Figure  2  shows  the  arrangement  of  this 
combustor.  The  annular  configurations  were  actually 
engine-tested,  the  Vorbi*  in  an  experimental  JT9D-7  and  the 
perforated  plate  configuration  in  an  experimental  “10-tonne" 
engine,  as  well  as  the  experimental  JT9D. 

An  additional  axially  fuel-staged  annular  combustor,  with  a 
single-sided,  carburetor  tube  main  stage,  was  designed  and 
rig-tested  for  the  NASA  Energy  Efficient  Engine  (E3)  program 
(Ref.  15). 

Table  2  lists  the  emissions  reductions  achieved  by  the 
fuel-staged,  partially-premixed,  perforated  plate  flameholder 
and  the  Vorbix  combustors  in  the  experimental  JT9D-7A  engine. 
The  results  are  expressed  as  a  percentage  of  the  unmodified 
engine  emissions  for  the  EPA  (earlier  definition)  EPAPs 
(Ref.  16). 


Partially-Premixed,  Pejorated  Plate  Flameholder,  Fuel-Staged  Combustor  for  Experimental  JT9D  Engine, 
Showing  Staggered  Inline  Stages 


Table  2 


Emissions  Reduction  Demonstrated  in  Early  Fuel-Staging  Tests 


Delta  NOx 

Delta  CO 

Delta  UHC 

Delta  Smoke 

epap  m 

E£APl“y 

EPAP  (%) 

SAE.1179  (%) 

PnrtiaPy-premixed  (Ref.  17) 

-53  8 

-65.7 

-84.2 

-75.0 

Vorbix  (Ref.  18) 

•58.5 

-76.6 

-95.8 

+high 

Comparison  of  this  table  with  the  present  program  goals 
(Table  1 )  indicates  the  potential  of  fuel-staging  for  satisfying  the 
Phase  II  aims. 

The  original  fuel-staged  combustors,  although  showing  great 
po.mise  in  reducing  emissions,  had  a  large  number  of 
operational  difficulties  that  would  have  required  a  tremendous 
development  effort  to  eliminate.  However,  the  major  drawback 
that  precluded  further  exploitation  at  that  time  was  the  need  to 
contiol  the  staging  not  just  along  an  engine  sea  level  power 
curve,  but  over  the  complete  array  of  all  power  settings,  ail  flight 
altitudes  and  all  aircraft  flight  speeds,  i.e.,  continuous  control 
over  the  complete  engine  operating  spectrum.  The 
hydromechanical  fuel  controllers  of  that  time  were  just  not 
adequate  for  this  complex  additional  task.  For  this  and  other 
reasons,  less  stringent  emissions  regulations  were  adopted  by  the 
EPA  and  ICAO. 

Staging  did  not  really  become  viable  until  the  advent  of  the  Full 
Authority  Digital  Electronic  Control  (FADEC)  with  its  on-board 
computer  capability  and  capacity.  Once  a  solution  to  the  control 
difficulties  was  available,  fuel-staging  made  its  reappearance  in 
high  temperature  rise  combustors  for  military  application  (Kefs. 
19,20).  The  puipose  in  this  instance  was  to  control  exhaust 
smoke  through  limiting  primary  burning  zone  equivalence  ratio, 
as  Figure  3  illustrates. 


Fig.  3  Comparison  of  Operation  of  Conventional  and 
Fuel-Staged  Combustor  Primary/Pilot  Zones 


6.  STAGING  AND  STAGE  ARRANGEMENT 

The  concept  of  fuel  staging  divides  the  total  engine  fuel  flow  into 

two  parts  and  supplies  the  divided  flows  separately  to  two 

distinct  combustion  zones.  One  combustion  zone  is  fueled 

continuously,  and  provides  engine  starting  and  idling,  and  basic  | 

combustion  stability.  In  this  capacity,  it  serves  as  a  pilot  stage 

combustor.  To  provide  these  functions,  the  design  of  the  pilot 

stage  is  entirely  conventional.  In  order  to  achieve  acceptable  CO 

and  UHCemissions  at  idle  power,  the  combustion  efficiency  has 

to  be  in  excess  of  99  percent.  It  has  been  demonstrated  (Ref.  21) 

for  typical  primary  zones  at  engine  idle  conditions  that  an 

equivalence  ratio  of  about  0.8  is  necessary  to  satisfy  this 

efficiency  level.  The  pilot  stage  fuel  flow  is  a  small  portion  of  the  ' 

total.  Therefore,  although  the  conventional  pilot  can  then  result 

in  high  NOx  formation  rates,  its  contribution  to  overall  NOx  is 

small.  The  bulk  of  the  engine  total  fuel  flow  is  burned  in  the 

second  combustion  zone.  This  being  so,  this  zone  serves  as  a 

main  stage  combustor.  The  main  stage  is  only  fueled  at  higher 

power  points,  and  is  generally  designed  to  operate  lean  at  full 

power,  ar  indicated  in  Figure  3.  \ 

The  low  NO\  characteristics  of  a  fuel-staged  combustor  are 
derived  from  two  features  of  the  approach.  First,  the  bulk  of  the 
fuel  is  burned  fuel-lean,  and  even  allowing  for  unmixedness 
effects  (Ref.  22)  this  reduces  the  NOx  formation  rates.  Second, 
the  total  fuel  flow  is  divided  (albeit  unequally)  between  an 
increased  number  (usually  twice  the  number)  of  fjel  injectors. 

Thus,  even  though  the  main  stage  fuel  injectors  might  be  of  ' 

conventional  design,  the  presentation  of  the  fuel  to 

atomizing/combustion  air  is  improved,  thereby  increasing  both 

atomization  and  mixing,  and  reducing  unmixedness.  As  a  result, 

more  of  the  main  stage  fuel  is  burned  at  the  (lean)  bulk 

equivalence  ratio  and  within  a  narrower  band  of  equivalence 

ratios  about  the  bulk  value  (Ref.  23).  This  tends  to  minimize 

exposure  to  the  high  temperatures  associated  with  the  generation  4 

of  thermal  NOx. 

Implementation  of  fuel-staging  in  an  annular  combustor  can  be 
made  in  a  number  of  ways: 

a.  Circumferentially 

b.  Radially 

c.  Axially  ^ 

d.  Combinations  of  (a)  through  (c). 


< 


Circumferential  staging  (Ref.  24)  can  he  applied  in  a 
conventional  looking  combustor,  to  alternate  fuel  injectors  or  to 
circumferential  blocks  of  injectors,  for  local  enrichment.  It  has 
two  serious  problems  associated  with  it.  Fitst,  severe  chilling  of 
chemical  reactions  can  occur  at  the  edges  of  zones  due  to 
interfacing  e..’  fueled  and  unfueled  (and  hence  relatively  cool) 
zones.  This  chilling  can  resuit  in  production  of  excess  CO  and 
UHC  emissions,  and  possibly  serious  loss  in  combustion 
efficiency  at  part-power.  Second,  depending  on  the 
circumferential  fueling  pattern  used,  the  resulting 
circumferentially  nonunife  rm  exit  temperature  distribution  can 
distort  turbine  cases,  result  in  loss  of  turbine  efficiency,  and 
cause  possible  rubbing  damage  to  ‘he  turbine  outer  air  seals. 

Radial  staging  consists  of  two  combustor  domes  displaced 
radially  from  each  other  with  a  short  interface  splitter  between 
them,  and  having  a  common  entry  plane  so  that  the  combustion 
zones  are  radially  inline.  The  arrangement  allows  the  fuel 
injector  tips  for  both  stages  to  be  mounted  on  a  common  support, 
which  includes  active  fuel  cooling  of  the  mains  stage  injectors 
by  the  continuously-flowing  pilot  stage  supply.  The  fuel  cooling 
is  necessary  to  avoid  coking  of  the  main  stage  fuel  injectors  when 
they  are  unfurled  but  exposed  to  the  hot  environment  of  the 
operating  engine.  The  common  support  for  the  injectors  allows 
iust  a  single  penetration  plane  of  the  diffuser  pressure  casing. 
However,  the  outer  wall  of  the  diffuser  case  tends  to  be  increased 
in  diameter  in  order  to  accommodate  the  double  domes.  The 
radially-staged  combustor  before  staging  also  suffers  from 
potential  sharp  peaks  in  the  average  radial  temperature  profile  at 
the  combustor  exit.  These  peaks  may  be  severely  displaced 
radially,  and  further,  can  shift  in  radial  position  after  staging.  The 
turbine  performance  can  be  adversely  affected  by  such  profiles 
and  their  shifts,  and  the  potential  exists  for  either  outer  air  seal 
;>r  first  vane  platform  damage.  Although  the  combustor 
length/overall  annular  height  ratio  (L/H)  is  sma1!,  it  is  because 
L  is  usually  close  to  normal  (as  it  would  have  to  be  for  retrofit 
of  the  combustor  to  existing  engines)  while  H  is  larger  than 
normal.  For  this  reason,  together  with  the  addition  of  the  splitter 
between  stages,  the  cooling  air  requirement  for  the 
radially-staged  arrangement  can  be  high. 


Second,  the  fuel  injectors  for  the  stages  have  to  he  carried  on 
separate  supports.  Therefore,  two  penetration  planes  of  the 
diffuser  case  are  necessary.  A  weight  penalty  is  associated  with 
these  needs.  Third,  being  as  the  pilot  and  main  stage  fuel  flows 
are  introduced  into  the  combustor  via  separate  supports,  pilot 
fuel  cannot  be  conveniently  used  for  cooling  the  main  stage  fuel 
injectors. 

The  easiest  staging  concept  to  implement  is  circumferential 
staging,  but  unfortunately,  circumferential  staging  has  the  least 
emissions  reduction  potential.  The  best  choice  between  radial 
and  axial  staging  is  not  immediately  clear  since  each 
configuration  has  both  good  and  bad  features  that  must  ht  traded 
against  one  another.  In  order  to  achieve  a  suitable  compromise, 
a  configuration  might  be  devised  that  combines  the  best  features 
from  both  radial  and  axial  staging,  while  minimizing  the  worst 
ones. 


Pratt  &  Whitney  examined  all  configurations  and  decided  that 
the  high  emissions  reduction  potential  of  axial  staging  was  worth 
preserving,  and  that  the  excessive  length  drawback  of  axial 
staging  could  be  avoided.  A  combined  configuration  offering 
these  characteristics  could  be  used,  and  the  staggered  inline 
arrangement  used  for  the  earlier,  staged  partially-premixed, 
perforated-plate  fiameholder  combustor  (Figure  2)  formed  the 
basis  for  this. 

7.  AXIALLY  STAGED  COMBUSTOR  CONFIGURATION 

Figure  4  shows  a  final  cross-section  of  the  resulting  Axially 
Staged  Combustor  (AS C)  (Ref.  25);  flow  is  from  left  to  right, 
with  the  engine  centerline  to  the  bottom  of  the  figure.  For  clarity, 
the  main  stage  fuel  injectors  have  been  shown  rotated  half  an 
injector  pitch,  to  be  in  plane  with  the  pilot  stage  injectors. 
Wherever  possible,  existing  hardware  end  designs  were  used  in 
order  to  expedite  the  path  to  certification,  and  to  minimize  risk. 
The  design  complies  with  the  ground  rules  established  for 
Phase  II  of  the  emissions  reduction  program. 


Axial  staging  has  several  distinct  advantages.  Since  the  main 
stage  is  axially  inline  with,  and  downstream  from,  the  pilot  stage, 
ignition  of  the  main  stage  directly  from  the  pilot  is  both  reliable 
and  rapid.  The  gas  flow  into  the  main  stage  from  the  pilot  stage 
is  always  hot  and  contains  active  radicals,  so  that  achieving  high 
combustion  efficiency  from  the  main  stage,  even  at  initially  quite 
low  equivalence  ratios,  is  not  difficult.  Consideration  of  Figure  3 
indicates  that  this  can  lead  to  very  low  NOx  generation  from  the 
main  stage.  This  is  because  the  ease  of  achieving  high 
combustion  efficiency  allows  the  equivalence  ratio  of  the  main 
stage  at  staging  to  be  set  well  below  the  minimum  desirable  0.8 
value  required  in  the  pilot.  Thus,  at  takeoff  power  levels  the 
maximum  equivalence  ratios  in  the  main  stage  will  be 
proportionately  lower  also.  The  NOx  generation  is  then  reduced 
due  to  the  lower  bulk-average  flame  temperatures,  and  also 
because  the  standard  deviations  from  the  bulk  equivalence  ratio 
have  been  shown  to  be  reduced  with  lower  bulk  equivalence 
ratios  (Ref.  11).  Finally,  the  average  radial  temperature  profile 
at  exit  from  the  combustor  is  fairly  conventional  at  all 
conditions,  anJ  does  not  undergo  any  significant  shifts  at 
staging.  Development  of  exit  temperature  traverse  quality  by 
means  ot  conventional  dilution  air  does  not  have  any  special 
difficulties. 

There  ate  three  disadvantages  to  axial  staging.  First,  the  inline 
arrangement  of  stages  tends  to  result  in  a  somewhat  lengthy 
combustor  that  might  be  difficult  to  accommodate  for  retrofit  of 
some  engines.  There  is  also  increased  liner  surface  area,  relative 
to  conventional  combustors,  tha*  needs  to  be  film  cooled. 


The  ASC  fits  into  the  existing  V2500-A5  engine  using  a 
conventional  front-pin  mounting  system,  with  a  new  outer 
diffuser  case  having  appropriate  pads  to  accommodate  mounting 
of  the  two  sets  of  fuel  injectors.  The  combustor  has  the  benefits 
of  the  axially  inline  stage  arrangement  without  any  length 
penalty.  As  a  result  of  the  stage-staggering,  the  shroud  airflows 
are  a  little  more  complex  than  for  the  conventional  V2500 
combustor  (Ref.  10),  and  there  Is  a  small  increase  in  liner  surface 
area  to  be  cooled.  The  supports  for  the  main  stage  fuel  injectors 
are  short.  The  fuel  injector  tip  design  is  similat  for  both  stages, 
and  follows  that  of  the  regular  airblsst-atomizing  fuel  injector 
used  in  the  conventional  combustor.  The  short  lengths  of  the 
main  stage  combustion  and  dilution  zones  are  noteworthy,  being 
together  about  one-haif  the  overall  length  of  the  conventional 
combustor  that  the  ASC  replaces. 

7.1.  Fuel  System 

Fuel  staging  results  In  two  fuel  delivery  schedules  that  the  fuel 
system  must  provide.  The  resulting  two  fuel  streams  to  be 
delivered  to  the  combustor  cause  an  increase  in  the  complexity 
of  the  fuel  system.  The  Pratt  &  Whitney  approach  to  insure  fuel 
system  reliability  and  maintainability  is  to  employ  proven 
concepts  and  components  from  exis'ing  fuel  systems  wherever 
possible  (Ref.  26). 

A  schematic  diagram  of  the  fuel  system  (Ref.  27)  is  displayed  in 
Figuie  S.  The  actual  system  is  a  little  more  complex  than  that 
shown,  due  to  various  operational  considerations,  but  the  salient 
features  are  illustrated. 
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Fig.  4  Longitudinal  Cross-Section  of  ASC  in  V2500-A5/-D5  Combustion  Chamber  Envelope 
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Fig.  5  Flow  Diagram  of  Simplified  ASC  Fuel  System 


The  fuel  metering  unit  (FMU)  delivers  the  engine  total  fuel  flow 
demanded  by  the  FADEC.  This  fuel  stream  enters  a  flow  splitter 
valve  (FSV)  that  divides  the  total  flow  into  pilot  and  main  stage 
fuel  streams  according  to  a  signal  from  the  FADEC.  Each  stream 
is  then  delivered  to  a  flow  distribution  valve  (FDV),  Before 
reaching  its  own  FDV,  the  pilot  fuel  flow  is  used  to  cool  the  main 
fuel  FDV.  This  cooling  is  required  by  Federal  Aviation 
Administration  fire  regulations,  and  also  takes  care  of  heat 
soak-back  from  the  engine.  This  is  necessary  because  the  main 
FDV  will  contain  stagnant  main  fuel  prior  to  staging.  The  FDVs 
distribute  fuel  to  the  fuel  injectors  via  individual  manifolds,  each 
one  of  which  feeds  a  pair  of  fuel  injectors.  The  main  stage  fuel 
injectors  and  supports  are  provided  with  a  coke  avoidance 
system  (CAS). 

Figure  6  presents  the  predicted  transient  engine  thrust  response 
as  the  main  stage  is  fueled  and  the  engine  is  accelerated  from  idle 
power  to  100  percent  sea  level  thrust.  By  fueling  the  main  stage 
at  a  slightly  accelerated  rate  in  order  to  minimize  the  time 
necessary  to  fill  the  short  individual  manifolds  feeding  the  main 
stage  fuel  injectors,  the  time  to  full  thrust  is  maintained.  Only  a 
minor  lag  of  less  than  0. 1  second  is  expected  in  the  middle  of  the 
transient,  but  no  overall  lag. 


Fig.  6  Dynamic  Simulation  of  Snap  Acceleration  from 
Idle  to  Takeoff  for  ASC  Compared  to 
Conventional  Combustcr 


8.  COMBUSTOR  DEVELOPMENT  APPROACH 

For  the  initial  version  of  the  Phase  If  reduced  emissions  ASC,  p 
combustor  development  plan  was  established.  The  approach 
relies  on  the  following  major  elements  prior  to  the  first  engine 
to  test  (FETT):  design  studies,  a  High-pressure  sector  rig, 
computational  fluid  dynamics  (CFD)  refinement  of  the 
preliminary  design  and  sector  rig-derived  modifications  to  it, 
and  a  high-pressure,  full  annular  rig.  Eight  experimental  engines 
will  be  used  in  the  engine  certification  program,  which  is 
scheduled  to  being  in  late  Spring  of  1993  for  a  December  1995 
certification.  Figure  7  illustrates  the  approach  in  diagrammatic 
form. 

The  design  portion  involved  design  studies  and  simple 
bench-scale  experimental  testing  of  projected  combustor 
components,  such  as  fuel  injectors  and  air  swirlers.  The  design 
portion  defined  a  preliminary  combustor  design  for  the  sector 
rig,  and  suggested  a  series  of  parametric  optimization  tests  to  be 
made.  The  sector  rig  program  was  to  investigate  emissions, 


stability  and  efficiency  trade  factors.  CFO  modeling  was  used  in 
conjunction  with  ifte  sector  ng  to  explore  the  optimization 
processes  and  to  predict  the  behavior  of  the  full-scale 
configuration,  e.g.,  circumferential  curvature  effects,  etc.  In 
addition  to  normal  operation,  the  sector  rig  was  also  used  in  a 
transient  combustion  test  facility  in  order  to  examine  the 
response  of  the  ASC  to  simulated  engine  accelerations, 
including  main  combustion  zone  staging  operation.  The  purpose 
of  the  annular  rig  program  is  to  vt.ify  performance  and 
emissions  levels,  assess  potential  durability,  and  to  develop  exit 
temperature  traverse  quality. 


Fig.  7  Diagrammatic  Representation  of  Phase  II  Effort 


The  overall  objective  of  the  rig  program  is  to  provide  a 
combustion  system  that  is  optimized  and  thoroughly  evaluated 
prior  to  incorporation  into  an  experimental  engine  (FETT).  The 
experimental  engines  themselves  serve  as  Final  demonstrators  of 
intended  performance  and  emissions,  and  then  permit 
concentration  on  developing  the  reliability,  durability  and 
ope; ability  of  the  combustion  subsystem  as  par'  of  the  overall 
engine  system. 

8.1.  Tfest  Rigs  and  Facilities 

The  majority  of  the  experimental  results  to  be  presented  below 
are  taken  from  the  sector  rig  portion  of  the  overall  development 
program.  The  sector  rig  was  modified  from  an  existing 
V2500-A1  conventional  -combustor  sector  rig.  It  now  contains  a 
combustor  that  is  actually  a  planar  representation  of  the  ASC, 
encompassing  three  or  four  pilot  stage  fuel  injectors  and  mam 
stage  fuel  injectors  (depending  on  the  arrangement  of  stages,  i.e., 
inline  or  staggered),  together  with  their  associated  aerodynamic 
packages,  i.e.,  it  is  one-fifth  of  the  full  annular  combustor.  The 
main  stage  injectors  are  generally  transversely  displaced 
one-half  a  pilot  injector  spacing,  relative  to  the  pilot  injectors. 
The  resulting  flow  path  very  closely  matches  the  true  annular 
configuration  with  respect  to  both  pilot  and  main  stage  lengths 
and  volumes.  The  combustor  itself  was  designed  to  permit  rapid 
configuration  changes.  The  side-walls  are  cooled  by  air 
introduced  through  seven  vertical  rows  of  smell,  angled  holes. 
The  combustor  is  effusion  cooled  in  a  similar  manner.  The  two 
fuel  injection  bulkhead,  are  provided  with  impingement-cooled 
heat  shields.  A  number  of  axial  stiffening  ribs  are  welded  to  the 
combustor  liner  outer  surfaces. 

The  rig  inlet  contains  flow  conditioners  and  a  simulated 
prediffuser  and  dump,  similar  to  those  shown  in  Figure  4,  to 


provide  a  representative  inlet  boundary  condition.  It  was 
expedient  to  use  existing  fuel  injectors  and  supports,  without 
modification,  for  both  stages.  In  order  to  accommodate  these 
fuel  injector  supports,  it  was  necessary  to  introduce  the  pilot 
stage  and  main  stage  fuel  supplies  from  opposite  side:-,  cf  the  rig. 
Therefore,  accurate  simulation  of  the  shrouds  and  shroud  flows 
feeding  the  combustor  could  not  be  made.  The  combustor  exit 
boundary  condition  Is  provided  by  12  exit  guide  vanes. 

To  provide  information  at  the  combustor  exit,  each  of  the  exit 
guide  vanes  Is  instrumented  with  seven,  equally-spaced, 
sampling  probes  for  g as  temperature  and  emissions 
measurements  (there  are  two  separate  vane  packs),  althcugh 
readings  from  only  the  center  eight  vanes  are  used  to  provide 
data.  The  sampling  probe  inlets  are  inline  with  the  combustor 
exit.  For  emissions  measurements,  samples  from  these  eight 
center  vanes  are  manifolded  together  prior  to  passing  the 
collected  sample  to  the  emissions  analyzers  (according  to  SAE 
Aerospace  Recommended  Practices  1179  and  1256).  To  measure 
inlet  conditions  at  the  prediffuser  inlet,  two  5-headed  total 
pressure  rakes  and  two  thermocouples  are  provided,  together 
with  four  static  pressure  taps  (two  per  wall).  Twenty-two  static 
pressure  taps  are  distributed  in  the  shrouds,  together  with  four 
static  pressure  taps  in  the  dome,  to  provide  pressure  drops  across 
the  combustor.  TWo  thermocouples  are  mounted  on  each  of  the 
inner  and  outer  combustor  liners  to  monitor  wall  temperatures. 

The  sector  rig  was  tested  for  steady-state  operation  in  the  Pratt 
&  Whitney  High  Pressure  Combustion  Laboratory  (HPCL).  The 
HPCL  uses  an  FT-4  drive-engine  for  compressors,  and  a 
gas-fired  indirect  heater  to  deliver  nonvitiated  high-pressure  air 
to  several  test  ceils.  Typical  high  power  test  conditions  for  this 
program  are  as  follows:  inlet  pressure  32.2  bar,  inlet  temperature 
854K,  and  total  airflow  1 1 .9  kg/sec;  however,  the  sector  rig  was 
normally  operated  at  pressures  between  5  and  18  bar,  with 
emissions  optimization  being  done  in  this  range  for  operational 
convenience. 


It  is  particularly  important  that  the  fuel-staging  system  operate 
without  introducing  any  significant  lags  in  the  engine  thrust 
response.  Transient  operation  of  the  ASC  was  therefore 
investigated  by  installing  the  sector  rig  in  the  United 
Technologies  Research  Center  Transient  Combustion  Facility 
(TCF)  (Ref.  28).  In  the  TCF  the  flow  delivery  system  can 
simulated  by  means  of  hydraulically  actuated  pintle  valves, 
varying  pressure,  temperature  and  airflow  rates  encountered 
during  engine  accelerations.  The  correct  parameter  time 
constants  can  be  reproduced  (Ref.  28). 

The  annular  rig  contains  a  full-scale  annular  ASC  with  a  flow 
path  that  is  similar  in  cross-section  to  the  view  shown  in 
Figure  4.  The  liner  construction  is  that  to  be  used  in  the  engine 
tests.  The  inlet  to  the  rig  includes  transitional  spool-pieces  to 
allow  boundary  layer  flow  development  to  simulate  the  velocity 
profile  present  at  the  engine  compressor  exit.  The  exit  transition 
and  measurement  section  permits  measurements  to  be  made  of 
temperature  and  emissions  at  the  combustor  exit  plane  by  means 
of  a  rotating,  multi-headed,  gas-sampling  or  thermocouple 
probe-head;  both  heads  may  be  installed  (off-set) 
simultaneously  if  desired.  Internal  instrumentation  is  similar  in 
character  to  that  of  the  sector  rig  Testing  in  the  HPCL  is 
conducted  up  to  correct  V2500-A5  engine  takeoff  power 
conditions. 

Figure  8  shows  a  pilot  dome  and  outer  liner  of  a  full  annular, 
experimental  ASC.  The  liner  is  of  Floatwall™  construction, 
where  individual  cast  panels  are  bolted  to  a  support  shell  to  make 
up  the  hot-side  sutface.  Figure  9  shows  the  fully-assembled 
annular  rig  itself,  ready  for  installation  in  the  test  facility. 
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y- ig  8  Outer  Liner,  Dome  and  Head  of  ASC  for  the  Annular  Rig 


Pig  9  Annular  Rig  Ready  for  Mounting  in  Test  Facility 


<).  COMBUSTOR  REFINEMENT  BY  C Hi 

C'FIJ  mrtlysi?'  of  tilt  ASC  was  conducted  in  support  of  the  rig 
program  using  the  NASTAR  (Navier-Stokes  Analysis  for 
Arbitrary  Regimes)  computer  crxle deserihed  hy  Rhie  &  Stowers 
(Ret  2 17 1  The  crxle  solves  the  steady-stale  Favre -averaged 
Mas  ier-Slokes  equations,  written  in  general  curvilinear 
coordinates,  on  a  fx Kly- fitted,  three-dimensional  grid  Fddy 
viscosity  is  provided  hy  the  familiar  K-e  turbulence  model 
(Ret  sit).  The  version  of  the  code  used  in  these  studies 
incorporated  the  mlimtely-last  ehemistiv  assumption  of  the 
eddy  breakup  combustion  model  (  Kef  1 1 ) 

With  the  limitations  of  the  eddy  breakup  combustion  model,  the 
MASTAR  code  cannot  be  used  direetlv  to  estimate  emissions 
I 'he  major  task:,  of  the  (  If)  analyses  wete  to  study  the  effects  on 
ci  anbiistor  gas  tempeialure  distributions  of  the  alignment  of  the 
Pilot  anil  mam  stage  fuel  injectors,  examine  the  interaction  of  the 


pilot  stage  air  jets  with  the  pilot  flow,  assess  the  best 
circumferential  location  for  air  addition  in  the  main  stage,  and 
determine  the  effects  of  lack  of  lateral  curvature  in  the  planar 
sector  rig.  The  prime  objectives  of  these  refinements  were  to 
provide  configurations  for  rig  test  that  minimised  NOx 
production  while  preserving  low  CO,  maintained  the  quality  of 
the  exit  temperature  distribution,  and  avoided  hot-spots  on  the 
combustor  liners. 

To  achieve  the  first  of  these  prime  objectives,  it  was  assumed  that 
the  majority  of  NOx  production  m  the  ASC  would  be  due  to 
theiinally-generated  NO.  It  then  follows  that  minimizing 
exposure  of  the  working  fluid  to  excessive  flame  temperatures 
will  result  in  reduced  thermal  NO.  Post-processing  of  a 
conventional  (TT)  solution  for  a  combustor,  for  the  number  and 
volumes  of  g;is  pockets  above  anil  below  the  respective  critical 
temperatures  (>2033K.  and  «.181()K),  for  excess  NO  and  CO 
lot malion  (Ref.  2d),  enables  the  emissions  characteristics  to  be 
determined. 

Fhe  secondary  objective  of  the  CFO  effort  was  to  provide 
guidance  in  interpreting  the  sectoi  tig  test  results. 

Calculations  were  performed  for  sections  of  the  respective  sector 
and  annular  rig  combustors,  centered  on  and  encompassing  a 
single  pilot  stage  fuel  injector  and  a  single  main  stage  injector  or 
two  main  stage  half-injectors,  depending  on  the  stage  alignment 
being  investigated  Periodic  conditions  were  applied  to  the 
lateral  boundaries  of  the  calculation  domain.  Typical  grids 
employed  32X,f>53  grid  mxles  (117  x  5*  x  53 j  for  the  sector 
model  and  37(1, 7XX  grid  nodes  (1  32  x  53  x  53)  for  the  annular 
mode!  Figure  10  shows  an  isometric  projection  of  the  grid  onto 
the  physical  surfaces  of  the  combustor  for  the  annular  combustor 
section,  in  this  case  with  the  pilot  and  main  fuel  mjeetois  inline 
with  each  other  (contrast  with  Figure  X).  The  representation 
allows  for  the  periodic  injection  of  film  cooling  air  along  the 
inner  and  outer  liner  surlaees  The  liquid  fuel  slieams  wete 
introduced  as  pseudo-gases  with  correct  mass,  momentum  and 
heating  v  .due 


Fig  10  An  Example  of  the  Calculation  Domain  and  Computational  Grid  for  CFD  Studies  of  the  ASC 


Solution  convergence  was  judged  on  the  basis  of  the  overall 
residuals,  achieved  temperature  rise  and  the  stability  of  major 
flow  features.  Grid-independent  solutions  are  not  claimed,  hut 
the  boundaries  of  the  calculation  domain  are  well-represented, 
as  are  the  shapes  of  the  major  entering  fluid  streams.  The 
solutions  obtained  can  be  considered  as  being  ones  of 
engineering  pragmatism  rather  than  of  scientific  exactitude,  and 
as  such  are  entirely  satisfactory  for  their  intended  purpose. 

The  results  of  the  CFD  calculations  were  post-processed  on  a 
Silicon  Graphics  IRIS  workstation  using  PLOT3D  and  FAST 
(Ref.  32)  visualization  software  packages  developed  by 
NASA- Ames  Research  Center.  It  is  only  possible  to  display  here 
a  small  selection  of  the  data  generated.  Figure  11  shows 
isotherms  (in  degrees  Rankine)  calculated  for  takeoff  power 
(both  stages  fueled)  in  the  annular  combustor,  where  the  pilot 
and  main  stages  are  staggered  relative  to  each  other. 

The  gas  temperature  characteristics  shown  in  Figure  11,  inline 
with  the  injectors  in  each  stage,  are  largely  as  might  be  expected, 
although  circumferential  spreading  of  the  flame  from  the  pilot 
injectors  to  interact  toward  the  inner  liner  in  the  main  stage  with 
flame  developed  by  the  main  stage  injectors,  can  be  seen.  The 
particular  air  addition  arrangement  used  in  the  main  stage  for  this 
calculation  is  such  that  the  circumferentially-averaged  radial 
temperature  profile  at  the  combustor  exit  is  peaked  toward  the 
combustor  inner  liner.  This  is  more  clearly  evident  in  Figure  12 
where  the  isotherms  in  the  exit  plane  are  compared  for  this 
configuration  and  for  the  identical  configuration  except  for  the 
stage  fuel  injectors  being  placed  inline  with  each  other.  Areas  in 
both  cross-sections,  where  the  local  temperatures  equal  and 
exceed  the  critical  value  for  high  NOx  formation  rates  (2033K), 
have  been  shaded.  It  can  be  seen  that  for  the  inline 
stage-arrangement  the  total  of  these  areas  is  greater  than  for  the 
staggered  stage-arrangement.  This  is  indicative  that  the  inline 
stage-arrangement  might  produce  more  NOx  than  the  staggered 
stage-arrangement.  Similar  consideration  of  Figure  11  suggests 
that  the  major  source  of  NOx  for  the  complete  combustor  is  the 
main  stage. 

Although  not  identifiable  in  Figure  10,  the  model  does  contain 
air-addition  ports  in  the  main  stage  for  both  stage  alignments. 
They  are  not  visible  because  the  main  stage  ports  were  defined 
by  designating  appropriate  blocks  of  surface  grid  elements  as 
"open”  to  admit  air  into  the  combustor.  Despite  the  jet  shapes 
then  being  incorrect  and  small  compromises  being  necessary  in 
representing  jet  mass  flow  and/or  jet  momentum  (due  to  the  port 
area  being  determined  by  the  grid),  this  approach  represents  the 
most  convenient  way  to  change  the  mass  quantities  and  positions 


of  these  air  jets,  without  having  to  develop  a  new  grid  for  each 
port  change. 


Fig.  11  Longitudinal  Cross-Sections  Inline  with  Fuel 
Injectors,  Showing  Calculated  Isotherms  in  a 
Staggered-Stage  ASC  at  Takeoff  Power 

Figure  12  indicates  that  change  of  the  main  stage  air  jets  in  the 
staggered-stage  combustor  is  necessary  to  achieve  a  more 
desirable  mean  outlet  temperature  profile  (either  a  center  or 
slightly  outer  peaked  profile). 

The  CFD  calculations  were  used  in  the  fashion  described  above 
to  derive  a  combustor  configuration  that  produced  desirable 
combustion  characteristics  and  low  emissions  potential.  As  a 
result  of  these  efforts,  a  considerable  amount  of  time-consuming 
and  expensive  experimental  testing  was  saved  from  the  program, 
and  interpretation  of  some  of  the  rig  experimental  behavior  was 
facilitated. 


:<ho 


STAGES  iN  UNE 


balance.  Richening  the  pilot  zone  to  an  equivalence  ratio  of  0.90 
raised  the  idle  power  combustion  efficiency  to  99,8  percent, 
more  than  acceptable  to  satisfy  emissions  requirements.  This  can 
be  appreciated  from  Figure  14,  that  shows  the  emission  Index 
(El)  of  CO  characteristic  with  pilot  stage  equivalence  ratio.  The 
El  reaches  a  minimum  around  unity  equivalence  ratio.  Figure  14 
also  displays  the  pilot  stage  NOx  characteristic,  which  reaches 
a  maximum  at  just  under  1.1  equivalence  ratio. 


Fig.  12  Comparison  of  Outlet-Plane  Isotherms  in 
Transverse  Cross-Sections  of  Inline  and 
Staggered-Stage  Alignments,  Showing  Regions 
of  High  Thermal  NO  Formation  Rates 


10.  SECTOR  RIG  RESULTS 

The  sector  rig  was  assigned  a  total  of  six  important  tasks  in  the 
overall  development  of  the  ASC: 

1.  Optimization  of  the  pilot  stage  for  good  idle-power 
combustion  efficiency,  and  flame  stability  at  off-design 
conditions 

2.  Establishment  of  an  appropriate  pressure  scaling  law 
for  NOx  to  allow  extrapolation  of  rig  results  up  to  full 
power  conditions 

3.  Determination  of  the  dependency  of  NOx  on  stage  fuel 
flow  split 

4.  Examination  of  the  effect  of  staging  on  combustion 
efficiency  via  steady-state  simulation  of  staging 

5.  Limited  evaluation  of  different  main  stage  fuel  injector 
design  on  NOx 

6.  Assessment  of  the  optimized  ASC  configuration  prior 
to  the  annular  rig  test  program. 


Fig.  1 3  Pilot  Stage  Combustion  Efficiencies  in  the  Sector 
Rig,  Showing  Influence  of  Equivalence  Ratio 


To  complete  these  assigned  tasks,  the  sector  rig  testing  was 
carried  out  in  the  HPCL  over  a  range  of  operating  conditions 
involving  limited  parametric  exploration  where  appropriate. 
The  inlet  pressure,  temperature  and  air  mass  flow  rate  were 
selected  to  cover  where  possible  representative  low  and 
intermediate  engine  power  levels. 

The  pilot  stage  of  the  ASC  is  a  fairly  conventional  primary  zone, 
and  utilizes  standard  airblast-atomizing  fuel  injectors  from  the 
V2500-A5  engine  combustor.  Acceptable  combustion 
efficiency  was  achieved  in  usual  fashion  by  adjusting  the  pilot 
equivalence  ratio  (Refs.  10,21)  at  the  idle  power  value  of  overall 
fuel  to  air  mas  ratio  (OFAR)  (main  stage  unfueled).  This  is 
shown  in  Figure  13  at  constant  inlet  pressure  and  temperature. 
The  efficiencies  are  based  on  an  emissions-measured  carbon 


Fig,  14  Emissions  of  NOx  and  CO  from  Efficiency- 
Optimized  Pilot  Stage,  Showing  Response  to 
Equivalence  Ratio  with  Optima 

Flame  stability  is  controlled  by  the  injector  package  (consisting 
of  the  injector  inner  and  outer  air  swirlers,  and  the  insert  swirler) 
swirl  number  and  dome  height  (together  governing 
recirculation),  and  by  primary  zone  equivalence  ratio 
(determining  recirculated  gas  temperature  and  active  chemical 
species).  With  the  adjusted  equivalence  ratio,  existing  injector 
packages  and  a  carefully-chosen  dome  height,  a  lean  blowout 
limit  was  obtained  at  an  OFAR  of  0.0045.  This  value  is  40 
percent  below  the  minimum  OFAR  operationally  encountered 
anywhere  in  engine  transient  operation,  and  satisfies  the  Pratt  & 
Whitney  design  criterion  for  stability. 
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The  optimized  pilot  zone  obtained  from  the  above  work  was 
maintained  for  all  subsequent  sector  rig  testing. 

lb  protect  the  relight  capability  of  the  engine,  the  ASC  was 
evaluated  at  low  pressures  (in  a  separate  facility)  aimulating 
windmilliug  and  starter-assisted  high  altitude  flight.  Figure  15 
demonstrates  that  the  ASC  system  is  more  than  capable  of 
meeting  the  9000  meter  plus,  commercial  altitude  relight 
requirement. 


Fig.  15  Comparison  of  Altitude  Relight  Capability  for 
ASC  with  Conventional  Combustor  (High 
Altitude  Test  Facility) 

To  establish  an  appropriate  pressure-scaling  law  for  NOx,  the 
initial  ASC  configuration  (with  staggered  stages)  and  the 
optimized  pilot  stage  was  operated  over  a  range  of  OFARs  at 
three  pressure  levels  from  8.6  to  17.2  bar.  Both  stages  were 
operative,  and  the  pilot  stage  equivalence  ratio  was  maintained 
constant  at  0.39  (pilot  stage  fuel  flow  is  reduced  when  the  main 
stage  is  fueled,  although  the  pilot  air  fraction  remains  constant). 
The  inlet  air  temperature  was  also  constant  at  818.3K. 

At  a  given  pressure  level  in  the  range  covered,  the  emissions 
index  of  NOx  increases  slightly  with  OFAR  in  linear  fashion;  this 
gradient,  however,  reduces,  again  slightly,  with  increasing 
pressure  level,  also  within  the  range  covered.  The  pressure 
dependencies  of  NOx  at  two  OFARs  are  given  in  Figure  16,  and 
they  decrease  slightly  with  increasing  OFAR.  The  values  for  this 
range  of  OFAR  are  less  than  the  familiar  0.5  exponent  obtained 
from  a  simple  kinetic  analysis  for  NOx,  based  on  assumptions  of 
oxygen  atom  equilibrium  with  oxygen  molecules  (Ref.  33). 
While  the  behavior  with  OFAR  might  be  attributed  to 
experimental  data  scatter,  the  values  are  consistent  with  levels 
and  trends  obtained  in  other  Pratt  &  Whitney  studies  for 
single-stage  combustors  where  the  pressure-dependency  of  NOx 
is  shown  to  be  a  complex  function  of  equivalence  ratio  and 
adiabatic  flame  temperature.  (The  approach  is  similar  to  that  of 
Reference  34.) 

Note  that  the  pressure-dependency  of  NOx  obtained  above 
should  not  be  considered  as  a  general  pressure  scaling  law  since 
the  range  of  parameter  variation  covered  is  very  limited. 
However,  'his  dependency  was  used,  with  some  caution,  for 
scaling  the  sector  rig  results  to  higher  engine  power  conditions 
where  necessary. 

Given  the  pollutant  generation  mechanisms  and  their 
temperature  dependencies  described  earlier,  a  trade-relationship 
between  the  emissions  of  NOx  and  CO  is  to  be  anticipated.  Such 
a  relationship  exists  in  the  ASC,  as  Figure  17  illustrates  for  the 
test  points  of  Figures  14  and  16  (with  the  optimized  pilot  stage), 
and  for  some  additional  data.  These  latter  data  are  for  a  range  of 
OFAR  at  643K  air  inlet  temperature  and  8.62  bar  Inlet  pressure, 
with  a  constant  pilot  stage  equivalence  ratio  of  0.39  (pilot  fuel 
modulated),  The  figure  shows  that  the  El  of  NOx  decreases  as 
that  of  CO  increases,  in  exponential  fashion  for  this  range  of 


conditions.  Note  that  the  residence  times  are  the  same  for  both 
processes  at  each  operating  condition. 


Fig.  16  NOx-Pressure  Sensitivity  of  Pilot  and  Main 
Stages  Operating  Together  at  Fixed  Inlet 
Temperature  and  Pilot  Stage  Equivalence  Ratio 


Emission  Index  of  CO,  gm/kg 


Fig.  1 7  Demonstration  cf  the  Trade  Between  Total  NOx 
and  CO  Over  a  Range  of  Conditions 

The  importance  of  stage  residence  time  to  low  CO  emissions  is 
displayed  in  Figure  18  for  the  0.390  equivalence  ratio  pilot  stage 
over  a  range  of  OFAR  where  air  inlet  temperature  and  pressure 
are  respectively  643. 3K  and  8.62  bar,  and  over  a  range  of  OFAR 
where  these  conditions  are  818K  and  8.62,  13.1  and  17,24  bar. 
The  flow  function  (W/T)/P  is  9.74  kg.K1/2/sec.  bar  for  the  first 
data  set,  and  8.88  kg.K'^/sec.bar  for  the  second,  i.e.,  the 
residence  time  is  less  for  the  First  condition  than  for  the  second 
condition.  The  CO  emissions  are  presented  as  an  excess 
emission,  that  is,  in  terms  of  the  difference,  between  the  measured 
El  and  the  equilibrium  value  calculated  at  appropriate  stage 
conditions,  through  the  EQLBRM  computer  program  (Ref.  35). 


29-12 


10 


•o  8 
§  0 
t  t 

u  tj 

3  | 
3  - 

a  c 

ii 


a 


i 

ti  § 

8  c 

U  jQ 

fc  3 

ii 


e  (- 


4  F 


2  u 


not  function  -  iu 

INLET  TEMP.  -  916  K 


1000  1200  1400  160C  1800 

Combustor  Exit  Temperature,  K 


2000 


Fig.  18  Effect  of  Combustor  Exit  Temperature  on 
Emissions  of  CO  at  Two  Residence  Times 


Maximum  Dame  Temperature,  K 

Fig.  10  Correlation  of  ASC  NOx  Data  with  vtdlabatic 
Flame  Temperature,  and  Comparison  with 
Kretschmer  &  Odgerb  Collected  Data  from 
Conventional  Combustors 


The  ASC  operated  at  the  lower  residence  time  has  the  higher 
excess  CO  emission  over  the  range  of  exit  temperatures.  Note 
that,  for  this  lower  residence  time,  the  excess  CO  exhibits  £  sharp 
increase  when  the  combustor  exit  temperature  is  below  the 
critical  value  (1810K)  for  significant  CO-consumption  rates 
(Refs.  10,23).  Also,  even  at  the  critical  temperature  level,  the  CO 
excess  emissions  curve  is  becoming  asymptotic  to  a  value 
significantly  above  zero,  indicating  a  residence  time  limit  for  this 
combustor  length  under  these  operating  conditions. 

Curves  for  the  difference  in  equilibrium  and  measured  El  of  NCx 
at  these  conditions  are  the  inverse  of  the  excess  CO  plot,  with 
longer  residence  time  producing  greater  NOx  than  the  shorter 
residence  time. 

The  collected  NOx  data  from  the  foregoing  plots  were  found  to 
correlate  only  on  a  basis  of  the  maximum  adiabatic  flame 
temperature  existing  for  the  appropriate  test  conditions.  This 
implies  that  most  of  the  NOx  is  thermal  NO,  generated  at 
stoichiometric  temperatures  in  diffusion  flames,  just  as  it  is  in 
single  stage  combustors.  Figure  19  compares  this  correlated  data 
with  the  NOx-correlation  by  Kretschmer  &  Odgers  (Ref.  36)  of 
collected  engine  data  for  single  stage  combustors.  The  present 
correlated  ASC  data  parallel  the  single  stage  combustor 
NOx -data  at  a  lower  NOx-level.  It  is  not  immediately  clear  if  the 
reduced  NOx  levels  of  the  ASC  are  due  to  a  favorable  change  in 
the  equivalence  ratio  probability  distribution  functions  (p.d.f.’s), 
i.e.,  a  small  improvement  in  fuel/air  mixing  due  to  doubling  the 
number  of  fuel  injectors  so  that  less  fuel  is  reacted 
stoichiometrically,  or,  due  to  reductions  in  the  available  time  for 
the  NO-reaction  because  of  the  short  length  of  the  main  stage. 

Figure  20  presents  NOx  data  as  a  function  of  OFAR  for  three 
values  of  pilot  stage  equivalence  tatio  at  constant  inlet  conditions 
of  818K  temperature  and  8.6  bar  pressure;  the  configuration  of 
the  main  stage  is  slightly  different  from  that  for  all  preceding 
plots,  although  the  pilot  stage  ia  Identical.  It  can  be  seen  that  at 
given  OFAR  the  EF  of  NOx  increases  as  pilot  stage  equivalence 
ratio  increases,  and  that  the  sensitivity  to  OFAR,  while  not  great, 
depends  also  on  the  pilot  stage  equivalence  ratio.  These 
characteristics  imply  that  NOx  production  may  be  minimized  by 
reducing  pilot  stage  equivalence  ratio  at  any  operating  condition, 
commensurate  with  maintaining  overall  combustion  efficiency 
and  flame  stability.  Figure  21  illustrates  this  benefit  at  an  overall 
equivalence  ratio  of  0.36,  showing  that  NOx  increases  and  CO 
decreases  (slightly)  with  increase  in  pilot  stage  equivalence 
ratio. 
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Fig.  20 


Variation  of  Total  NOx  with  Overall  Fuel  to  Air 
Ratio,  Showing  Influence  of  Pilot-Stage 
Equivalence  Ratio 
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It  is  interesting  to  note  that  extrapolation  of  lines  fitted  by  linear 
regression  analysis  through  the  data  of  Figure  20  for  each  pilot 
stage  equivalence  ratio,  intersect  at  an  OFAR  of  0.04.  With  the 
variiition  in  pilot  stage  equivalence  ratio,  this  OFAR  corresponds 
to  an  approximately  constant  bulk  temperature  for  the  main 
stage,  and  about  equal  pilot  stage  contributions  to  overall  NOx. 
The  common  value  of  NOx  is  about  10  gm/kg  of  total  fuel 
burned.  To  assist  in  understanding  this  better,  Figure  22  shows 
the  variation  in  pilot  to  main  stage  fuel  mass  flow  rate  ratio  with 
OFAR,  while  Figure  23  gives  the  variation  of  main  zone 
equivalence  ratio. 
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(El  NQx)  ma(n  =  gm  NOx  generated  in  main  stage  per  kg. 
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(El Nqx) overa||  =  gm  NOx  measured  at  exit  from  ASC  per 
kg  of  total  fuel  burned. 

Figure  24  shows  that  main  stage  NOx  is  approximately  constant, 
within  the  accuracy  of  determination,  over  a  wide  range  of  main 
stage  equivalence  ratio.  Comparison  of  Ft  jure  24  with  Figure  20 
shows  that  at  these  conditions  more  of  the  NOx  Is  generated  in 
the  main  stage,  and  that  differences  in  NOx  level  and  variation 
with  OFAR  are  due  to  the  piiot  behavior.  The  constant  main  stage 
NOx  characteristic  is  consistent  with  Figure  19,  where  overall 
NOx  is  shown  to  depend  on  local  adiabatic  flame  temperature  for 
the  0.39  equivalence  ratio  pitot. 
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Fig.  22  Variation  of  Ratio  of  Pilotto  Main  Fuel  Flow  Rates 
with  OFAR  arid  Pilot-Stage  Equivalence  Ratio 


Overall  Fuel  To  Air  Ratio 


Fig.  23  Variation  of  Main-Stage  Equivalence  Ratio  with 
OFAR  and  Pilot-Stage  Equivalence  Ratio 
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Fig.  24  Demonstration  of  Constancy  of  Main-Stage  NOx 
with  Main-Stage  Equivalence  Ratio,  Regardless 
of  Pilot-Stage  Equivalence  Ratio 


It  should  be  noted  that  the  apparent  cross-over  of  the 
extrapolations  of  the  data  in  Figure  20  implies  that  reducing  the 
pilot  stage  equivalence  ratio  is  only  of  benefit  for  moderate 
temperature  rise  (OFAR  <  0.04)  combustors.  For  high 
temperature  rise  staged  combustors,  it  might  be  beneficial  to 
NOx  to  increase  piiot  stage  equivalence  ratio  at  high  power. 


The  emission  indices  of  main  stage  NOx  (gm  NOx/kg  main  stage 
fuel)  were  found  as  a  function  of  main  stage  equivalence  ratio  by 
scaling  NOx  measured  for  this  pilot  operating  alone  (Figure  14), 
up  to  present  operating  conditions  using  the  scaling  laws  given 
in  Reference  34,  and  then  subtracting  them  from  the  measured 
total  NOx  using  the  expression, 


Smoke  increases  with  increasing  OFAR  at  fixed  inlet 
temperature  and  pressure  of  818K  and  8.62  bar  respectively,  for 
the  original  main  stage  configuration  with  a  fixed  pilot  stage 
equivalence  ratio  of 0.390.  This  is  given  in  Figure  25.  Since  the 
piiot  is  fixed,  the  observed  smoke  increases  must  originate  in  the 
main  stage. 
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Overall  Fuel  To  Air  Ratio 


Fig.  25  Relation  of  Exhaust  Smoke  to  OFAR  for  Fixed 
inlet  Conditions 

The  smoke  emitted  is  the  result  of  two  competing  processes  that 
operate  in  series  in  conventional  combustors:  smoke  production 
in  over-rich  regions,  followed  by  smoke  burnout  in  higher 
temperature  regions  as  the  stoichiometric  contour  is  passed 
through  by  the  reacting  mixture.  Increasing  OFAR  with  fixed 
pilot  stage  equivalence  ratio  results  in  an  increasing  main  stage 
equivalence  ratio.  The  higher  fuel  flow  rate  to  the  main  stage 
produces  a  pronounced  richeningof  thr  conventional  main  stage 
airblast  fuel  injector  packages.  In  turn,  this  results  in  local 
equivalence  ratios  In  excess  of  unity  immediately  downstream 
from  the  injectors.  These  locally  over-rich  regions  are  the  source 
of  smoke  generation.  Increasing  the  main  stage  bulk  equivalence 
ratio  will  also  expand  the  spatial  extent  of  the  stoichiometric 
contour  in  the  main  stage.  This  will  tend  to  increase  NOx 
production,  eventually.  Figures  20  and  24  indicate  that  this  has 
not  yet  happened  to  any  great  extent.  The  expanding 
stoichiometric  contour  will  also  eventually  enhance  smoke 
burnout  in  the  main  stage,  provided  that  the  residence  time  is 
adequate  for  this.  Figure  25  suggests  this  is  not  yet  taking  place 
either  for  these  conditions.  TAken  together,  these  processes  imply 
that  a  trade  might  also  exist  between  NCx  and  smoke,  regardless 
of  any  possible  chemical  reduction  interaction  between  smoke 
and  NOx  that  might  take  place. 

Figure  26  is  a  plot  of  the  El  of  NOx  against  smoke  number  (SN) 
for  the  conditions  of  Figure  25.  The  precision  is  not  great,  and 
the  data  range  is  very  limited.  It  is  also  apparent  from  Figures  20 
and  25  that  some  of  the  interesting  smoke  —  NOx  interactions 
have  not  yet  taken  place  to  any  great  extent  at  these  operating 
conditions.  Therefore,  it  is  difficult  to  draw  definite  conclusions. 
However,  smoke  and  NOx  do  appear  to  initially  increase 
together  as  OFAR  increases.  The  implication  of  this  is  that  they 
are  responding  to  a  common  influence.  Should  the  following 
turndown  indicated  by  the  3rd  order  regression  fit  to  the  data  be 
real,  it  would  imply  a  definite  direct  interaction  between  smoke 
and  NOx,  since  OFAR  is  still  increasing. 

As  discussed  above,  it  is  unacceptable  for  any  combustion 
system  to  introduce  a  lag  in  engine  thrust  response.  In  the  case 
of  the  ASC,  fuel-staging  must  take  place  smoothly  without 
delays  due  to  valve  operation,  line  fill-time,  or  loss  in 
combustion  efficiency.  Actual  dynamic  responses  of  the  system 
were  to  be  investigated  in  the  UTRC  transfer  l  combustion 
facility.  The  combustion  efficiency  aspect  was  investigated  with 
the  sector  rig  at  discrete,  steady-state  simulations  of  the 
transition  progress  from  low  power  operation  on  the  pilot  stage, 


through  main  stage  light-off,  and  high-power  staging  operation. 
Provided  that  combustion  efficiency  remains  relatively  high 
through  these  progresses,  the  probability  will  be  low  that  the 
ARC  will  induce  an  engine  thrust  lapse  during  staging. 
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Fig.  26  Possible  Trade  of  Overall  NOx  with  Exhaust 
Smoke 


Figure  27  is  a  plot  of  combustion  efficiency  variations  with 
simulated  engine  power  level  for  the  optimized  pilot  and  the 
main  stage  with  two  different  injector  configurations.  Engine 
power  is  represented  by  OFAR,  and  the  combustor  inlet 
temperatures  and  pressures  were  appropriate  to  a  simulated 
approach  condition.  Combustion  efficiencies  for  the  pilot  alone, 
and  the  pilot  and  main  together  after  staging,  are  high  ever  wide 
ranges  of  OFAR  for  the  airblast  conventional  fuel  injector  used 
in  both  stages.  Combustion  efficiencies  are  more  than 
sufficiently  high  that  thrust  lapses  in  the  engine  due  to  this  cause 
are  not  expected  based  upon  pseudo-transient  and  true  transient 
testing. 
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Fig.  27  Steady-State  Demonstration  that  Pilot  and 
Main- Stage  Efficiencies  Can  Remain  High 
During  Staging,  and  an  Indication  of  the 
Importance  of  Main-Stage  Fuel  Injector  Design 
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The  combustion  efficiency  for  the  non-airblast  fuel  injector 
design  used  in  the  main  stage  only,  falls  off  rapidly  with  OFAR 
at  approach  conditions.  This  fuel  injector  also  resulted  in  NOx 
levels  that  were  18  percent  higher  than  those  of  the  airhlast 
injector.  It  is  clear  that  main  stage  fuel  injector  design  is  critical 
in  the  pursuit  of  low  NOx  and  low  smoke. 

The  NOx  characteristic  with  engine  power  of  the  final 
configuration  for  the  sector  rig  version  of  the  ASC  is  shown  in 
Figure  28  compared  to  that  of  the  conventional  combustor.  The 
effect  of  staging  on  NOx  is  dear,  and  it  is  interesting  to  compare 
Figure  28  with  the  quasi-staging  characteristic  given  in 
Reference  10.  Fuel  staging  reduces  the  high  power  NOx  levels 
by  very  worthwhile  amounts. 
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Fig.  28  Comparison  of  NOx  Characteristics  for 
Conventional  and  Fuel-Staged  Combustors 


Fig.  29  Comparison  of  Mean  Radial  Temperature 
Profiles  for  V2500  Conventional  Combustor  and 
the  ASC  In  the  Annular  Rig 


11.  ANNULAR  RIG  RESULTS 

Annular  rig  testing  at  representative  engine  conditions  was 
initiated  during  the  fourth  quarter  of  1992,  and  for  completeness 
an  early  set  of  data  from  the  annular  rig  is  presented;  suffice  it 


to  observe  that  the  low  emissions  characteristics  of  the 
sector- version  of  the  ASC  were  confirmed  in  the  annular  rig. 

The  data  from  the  annular  rig  that  is  to  be  presented  concerns  the 
extremely  important  mean  radial  temperature  profile  with  both 
stages  operating.  Compared  to  the  conventional  combustor  in 
Figure  29,  the  initial  profile  of  the  ASC  is  not  too  dissimilar.  It 
does  not  change  with  simulated  power  level,  and  is  amenable  to 
development  by  the  usual  dilution  air  manipulation.  The  pattern 
factors  are  also  encouraging,  and  initially  were  only  about 
5  percent  (by  AT;  higher  than  those  of  the  conventional 
combustor. 

12.  DISCUSSION  AND  CONCLUSIONS 

A  continuing  and  multiphase  research  and  development  effort  to 
reduce  the  exhaust  emissions  of  recognized  pollutants  in  aircraft 
gas  turbine  engines  has  been  presented.  The  second  phase  of  this 
effort  has  been  highlighted  by  descriptions  of  part  of  the  rig  test 
program  and  the  supporting  CFD  studies.  The  emissions 
reduction  technique  addressed  is  that  of  fuel-staging. 

It  had  been  questioned  in  some  quarters  whether  fuel-staging 
alone,  without  simultaneous  and  directed  improvements  in 
fuel/air  mixing,  could  really  reduce  NOx  emissions.  The  reason 
for  this  doubt  was  expressed  as,  “unless  premixing  is  used, 
stoichiometric  burning  is  stoichiometric  burning,  regardless  of 
the  design  values  of  stage  bulk  equivalence  ratios  always  being 
fuel-lean.”  The  rig  test  program  has  reconfirmed  the  emissions 
reduction  potential  offered  by  fuel-staging.  An  emissions 
reduction  in  NOx  in  excess  of  35  percent  beyond  the  Phase  I 
goals  has  been  achieved  with  just  fuel-staging,  while  holding  low 
smoke,  CO  and  UHC  levels.  The  Phase  II  goals  established  in  the 
Pratt  &.  Whitney  emissions  reduction  program  have  been  met  in 
the  rig  test  program.  Figure  30  shows  the  progress  achieved  in 
emissions  reductioas  in  the  IAE  V2500  engine  as  a  result  of 
Phases  I  and  II  of  the  Pratt  &  Whitney  program.  EPAP  emissions 
levels  of  NOx,  CO  and  UHC  are  expressed  as  a  percent  of  the 
current  ICAO  regulation;  although  not  shown,  smoke  levels  are 
invisible  in  all  cases.  The  Phase  I  data  are  from  an  engine  and  the 
Phase  II  data  are  projected  from  the  rig  results.  The  ASC 
configuration  has  achieved  this  milestone  within  the  overall 
length  of  the  V2500-A5/D5  engine  conventional  combustor.  It 
has  also  achieved  it  without  compromising  satisfactory 
operational  characteristics,  such  as  pilot  stage  stability  and  idle 
and  sub-idle  power  combustion  efficiencies,  combustion 
efficiency  during  staging,  and  pattern  factor  and  mean  radial 
temperature  profile  at  exit;  engine  thrust-respouse  should  also  be 
unaffected. 
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Fig.  30  Summary  of  Phases  I  and  II  Emissions 
Rsduction  Progress  in  V2500 


The  emissions  behavior  in  the  ASC  is  much  more  complex  than 
it  is  in  a  conventional  combustor.  There  are  many  emissions 
trades  to  be  understood  and  defined.  Great  care,  therefore,  has  to 
be  taken  in  the  planning  of  rig  test  programs  to  ensure  that  the 
investigation  really  does  relate  to  engine  operations.  At  the  s.;me 
time,  parametric  studies  to  ascertain  the  reasons  behind  the 
emissions  behavior,  and  to  establish  design  rules,  are  clearly 
necessary. 

Tne  benefits  to  low  NOx  of  reducing  the  pilot  stage  equivalence 
ratio  at  higher  engine  power  levels  in  moderate  temperature  rise 
combustors  (Figure  21)  are  most  important.  The 
axially-staggered  configuration  of  the  ASC  enable-  benefit  to  be 
taken  of  this  trade  without  any  adverse  effects  on  the  mean  radial 
temperature  profile  at  the  combustor  exit. 

The  behavior  of  the  NOx  data,  e.g.,  Figures  17  and  19,  strongly 
suggests  that  most  of  the  NOx  measured  at  the  combustor  exit 
plane  is  nitric  oxide  produced  by  thermal  fixation  of  atmospheric 
nitrogen.  This  is  the  reason  that  the  CFD  thermal  fields  are  such 
good  indicators  of  the  NOx  reduction  potential  of  various 
combustor  configurations. 

The  rig  program  has  again  confirmed  the  usefulness  of  CFD  as 
a  design  synthesis  and  diagnostic  tool  in  developing  a  complex 
combustor.  It  is  apparent  that,  if  used  with  C're,  consideration 
and  knowledge,  a  CFD  solution  does  not  have  to  possess 
scientific  exactitude  to  be  useful  for  many  (but  not  all)  purposes. 
This  is  fortunate  because  of  the  large  resource  needed  to  achieve 
scientific  exactitude  for  complex  reacting  flows.  However 
vigorous  efforts  are  still  needed  in  improving  the  case  setup,  i.e., 
grid  generation  and  application  of  boundary  conditions,  for  this 
tool  to  achieve  its  full  potential. 

Although  there  were  no  directed  efforts  to  improve  fuel/air 
mixing  in  the  ASC,  there  are  suggestions  that  mixing  in  the  main 
stage  is  different  from  that  in  conventional  single-stage 
combustors.  Figure  24  indicates  that  over  a  wide  range  of  main 
stage  equivalence  ratio,  the  NOx  generated  in  the  mein  stage  is 
independent  of  this  ratio,  with  the  El  being  roughly  8.8  gm  NOx 
per  kg  of  main  stage  fuel.  For  the  operating  conditions  of  Figure 
24,  the  adiabatic  flame  temperature  is  2566K  (from  EQLBRM, 
Ref.  35).  This  data  point  then  plots  on  Figure  19  in  good 
agreement  with  the  other  ASC  data,  i.e.,  the  main  stage  NOx  in 
Figure  24  depends  only  on  the  adiabatic  flame  temperature 
(indicative  of  stoichiometric  burning),  but  al  a  lower  level  than 
the  collected  data  (Ref.  36)  for  conventional  combustors.  This 
implies  a  change  in  the  mixture  p.d.f.  in  the  main  -tage. 

The  insensitivity  of  main  stage  NOx  to  OFAR,  as  shown  in 
Figure  24,  indicates  a  certain  ‘robustness"  of  the  emissions 
reduction.  This  is  important  since  operating  OFARs  have  a 
tendency  to  creep  upward  from  original  design  values  during  the 
normal  engine  development  process  or  during  the  engine  service 
life. 

At  the  present  stage  of  development,  the  ASC  has  achieved  its 
design  goals;  the  efforts  are  now  concentrated  on  integrating  it 
into  the  V2500  engine  system  and  carrying  it  across  to  other  Pratt 
&  Whitney  engines.  Research  work  for  Phase  III  of  the  emissions 
reduction  program  is  in  progress  for  the  2000+  AD  time-frame. 
However,  it  is  by  no  meansclear  that  the  ASC  cannot  achieve  still 
further  reductions  in  NOx.  Figure  19  offers  the  possibility  that, 
although  a  large  portion  of  the  main  stage  fuel  is  still  reacted 
stoichiometrically  in  the  ASC,  some  changes  in  burning  have 
occurred.  In  addition,  small  changes  ip  main  stage  injector 
design  have  resulted  in  significant  changes  in  NOx  emissions. 
Therefore,  it  appears  worthwhile  to  investigate  the  benefits  of 
improvements  in  fuel/air  mixing  in  the  ASC  main  stage.  A 
separate  program  of  research  is  Just  beginning  in  this  area. 
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Discussion 


Question  l.J.TIIston 

Do  you  optimize  pilot  zone  air/fuel  ratio  for  altitude  relight? 

Author’s  Reply 

The  pilot  air/fuel  ratio  has  normally  been  optimized  for  lean  blowout  during  sea  level  testing  because  it  is  logistically  easier  to 
accommodate.  However,  there  is  a  relationship  between  sea  level  blowout  and  altitude  relight  i.e\  if  it  is  good  at  sea  level,  it  is 
good  at  altitude. 
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SUMMARY 

The  pollutants  emissions  decrease  doesn't  seem  easily 
achievable,  particularly  with  advanced  engines  cycles 
conditions  with  high  pressure,  temperature  and  fuel  to  air 
ratio. 

For  a  given  fuel  and  air  split,  the  combustor  size  can't  be 
reduced  without  leading  to  relight  altitude,  combustion 
stability  and  emissions  concerns. 

In  addition,  the  liners  areas  to  be  cooled  remain 
considerable,  the  cooling  airflow  increase  leads  to  higher 
fuel  to  air  ratio  in  the  primary  zone  and  finally  to 
unacceptable  Nox  emissions  levels  due  to  higher  flame 
temperatures. 

In  order  to  satisfy  the  trade  off  in  between  the  combustor 
performance  at  low  and  high  engine  ratings,  several 
combustor  concepts  are  in  development. 

Among  them,  the  use  of  variable  geometries  to  modulate  the 
primary  zone  airflow  seems  promotive. 

Indeed,  this  concept  allows  to  satisfy  the  compromise 
between  the  different  ratings  taking '  into  account  the 
decrease  of  the  combustor  panels  areas  to  be  cooled. 

That  is  the  reason  why  this  variable  geometry  concept  is 
particularly  suitable  to  high  pressure  and  temperature 
engines  cycles. 

In  this  paper,  tests  results  recorded  on  a  five-cups  sector 
fitted  with  a  variable  geometry  injection  system,  and  some 
meisured  performance  on  a  full  annular  combustor  are 
com  nented. 

It  a;  oeared  that  acceptable  performance  in  term  of 
combs  stion  stability  can  be  met  with  a  low  volume 
combu  lor.  The  cooling  airflow  reduction  and  the  primary 
zone  ft  ill  to  air  ratio  control  allow  to  meet  quite  good  and 
homogeneous  combustor  exit  temperature  profiles  whatever 
the  engh  e  rating. 


RESUME 

La  reduction  des  Emissions  de  polluants,  semble 
difficilement  conciliable  avec  une  elevation  des  pressions  et 
temperatures  de  fonctionnement  des  chambres  de 
combustion  de  turbordacteurs. 

A  repartition  d'air  et  de  carburant  fixde,  la  faille  du  foyer  no 
peut  pas  dire  rdduite  sans  se  heuner  aux  limites  de 
rallumage  en  altitude  et  sans  conduir..*  &  remission 
d'imbrdies.  De  plus,  les  surfaces  4  refroidir  restant 
imporca'ttes,  une  partie  de  l’air  disponible  ne  peut  pas 
participcr  &  la  combustion  dans  ia  zone  primaire,  cor.duisant 
ainsi  a  des  nchesses  locales,  done  a  des  temperature' 
eievdes  et  en  consequence  It  des  niveaux  d'oxydes  d'azote 
inacceptables. 


Afin  de  lever  les  contiaintes  que  fait  peser  le  compromis 
entre  performances  de  rallumage  et  plein-gaz,  plusieurs 
concepts  technologiques  sont  en  cours  de  ddveloppenient. 
Parmi  cux  l'utilisation  de  geometries  variables  permettant  de 
moduler  l'air  participant  k  la  combustion  dans  ia  zone 
primaire  du  toyer  sembte  particulifcrement  piometteuse.  En 
effet,  avsc  ce  concept  technologique,  le  compromis  entre  les 
differents  regimes  peut  4tre  atteint  avec  une  reduction  des 
surfaces  k  refroidir.  Ainsi  ce  concept  est-il  particuliferement 
bien  adapte  aux  cycles  hautes  pressions,  hautes 
tcmpdratures. 

Dans  cet  ariicle,  des  resultats  obtenus  sur  tin  sectcur  de 
chambre  bidimensionnel  muni  de  cinq  injectcurs  ainsi  que 

3uelques  resultats  sur  foyer  annulaire  dquipe  d'un  systbme 
'injection  it  geometric  variable  sont  rapportbs. 

11  apparalt  que  de  bonnes  performances  de  stability  peuvent 
6 ire  obtenues  avec  un  foyer  de  volume  reduit.  Les  debits 
d'air  de  refroidissement  moderns,  I’optimisation  de  la 
repartition  de  richesse  en  zone  primaire  couduisent  4  des 
profils  de  temperature  sortie  chambre  de  combustion 
homogenes  k  tous  les  regimes. 


INTRODUCTION 

I-e  dimensionnemeni  d’un  foyer  de  turboreacteur  nSsulte 
d'un  compromis  entre  les  differeutes  performances  e  des 
conditions  de  fonctionnement  extremes :  ralenti  et  plein  gaz. 
Par  exemple  si  le  volume  du  foyer  est  accru,  1 'augmentation 
du  temps  de  residence  des  gaz  va  entralner  une  meilleure 
combustion,  done  une  diminution  des  niveaux  d'imbrftl£s  au 
ralenti  III.  De  meme  le  rallumage  en  altitude  sera  facility  et 
la  stability  meilleure. 

En  contrepartie  avec  la  mSme  geometric  de  zone  primaire, 
les  temps  de  residence  eieves  vont  permettre  St  la  cinetique 
chimique  de  production  des  oxydes  d'azote,  certes  iente,  de 
se  dtirouler  de  faqon  plus  complete  (cf  figure  1). 
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Figure  1  •  Compromis  de  dimensionnemeni  d'un  foy^r  de 
turboreacteur 


Presented  at  an  AGARD  Meeting  on  ‘Fuels  and  Combustion  Technology  for  Advanced  Aircraft  Engines',  May  1993. 
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L'accroissement  du  rapport  poussde  sur  masse  des  systhmes 
ptopulsifs  ndeessite  le  diveloppement  de  chambrcs  d« 
combustion  conduisant  4  dcs  elevations  de  temperatures, 
done  de  richesse  foyer  de  plus  en  plus  importantes  12/.  Bn 
parallile  les  taux  dc  compression  augmentam  igalemcnt,  la 
temperature  d'entrfe  foyer,  done  la  '.empirature  de  I'air 
ntilisie  pour  refroidir  les  parois  est  de  plus  en  plus  ilevie. 
Bn  consequence  4  efficaciti  de  afroiaisscment  consuntu,  il 
restc  de  molns  en  moins  d'uir  pour  participer  4  la 
combustion  er.  zone  primaire. 

D 'autre  put,  la  temperature  sortie  foyer  devenant  de  plus  en 
plus  ilevie  le  distributer  de  turbine  et  la  turbine  haute 
prrssion  devienneirt  de  plus  en  plus  sensible!  aux 
hitdroginiitis  de  temperature. 

II  appanrft  que  la  realisation  d'un  compmmis  conduisant  4 
des  performances  satisfai suites  4  tout  fes  regimes  ne  peut, 
pour  les  cycles  les  plus  avances,  itre  obtenue  sans  libtfrer 
ceruines  des  conttamtes  liies  mix  architectures 
convcntionnellos  de  foyer. 

En  particulier  les  distributions  de  richesse  zone  primaire 
doivent  pouvoir  itre  moduldes  en  fonction  du  regime.  Ce 
point  conduit  4  deux  concepts  different!  /3/ : 

•  L.'eiagcment  du  furl  (chamtres  4  plusieurs  points 
d'injection.  Deux  tiles  cn  particulier). 

-  La  modulation  de  I'air  :  il  s'agit  du  concept  dit  *4 
gcomilrie  variable* . 

Snecma  travaille  depuis  de  nonibreujes  annees  sur  res  deux 
voies  /4/,  IV. 

En  particulier  un  foyer  avoc  modulation  du  debit  d'air  au 
moyen  de  diaphragmes  des  vrilles  d'injection  d’air  a  iti 
dtveloppi. 

Un  programme  de  recherche  incluant,  entre  autres,  une 
optimisation  dc  l'airodynamique  et  de  la  distribution  de 
nchesse  zone  primaire,  et  du  syst&me  d'injection  sur  secteur 
biditnensionnel  4  cinq  injecteurs  a  iti  realise. 

Les  solutions  retenues  ont  ensuite  eti  implamees  sur  un 
foyer  annulaire,  afrn  de  verifier  le  comportement  global  du 
foyer,  en  particulier  en  ce  qui  conceme  la  siabilitd  en 
depression  et  les  facteurs  statistiques  dans  un  premier 
temps. 


1.  CONCEPTS  A  ETAGEMENT  DU  DEBIT  D'AIR 

Le  principe  d’etagement  du  dibit  d'air  dans  la  chambre  de 
combustion  peut  itre  assure  de  plusieurs  manicres  pour 
adapter  le  dibit  d'air  dans  la  zone  primaire  4  chaque 
condition  de  fonctionnement.  En  effet,  diffirents  concepts  4 
giomitrie  variable  peuvent  itre  implantis  au  niveau  des 
casquettes,  des  systimes  d'injection.  des  trous  dr  dilution  et 
des  combinaisons  des  trois  peuvent  itre  envisages  pour 
limiter  revolution  de  la  perte  de  charge  globale  du  module 
de  chambre  de  combustion  entre  les  conditions  ralenti  et 
piein  gaz. 

Pour  maintenir  la  richesse  en  zone  primaire  4  un  niveau 
optimal  du  ralenti  jusqu'au  piein  gaz  et  satisfaire  les 
performance:  respectives,  (’utilisation  d'un  systime 
d'injection  4  geometric  variable  est  particulifeiement 
attractive.  Ce  systime  permet  dr.  moduler  le  debit  d'air 
intervenant  directement  dans  la  zone  primaire. 

Snecma  dispose  4  ce  jour  d'une  forte  experience  sur  un  type 
de  chambre  4  systeme  d'injection  dquipi  de  vrilles  4 
geometric  ou  section  de  passage  variable  (figure  2). 


Figure  2  :  Systeme  d'injection  4  geometric  variable 


Ce  concept  permet  de  moduler  la  richesse  zone  primaire  en 
fonction  dc  la  richesse  globale  de  fonctionnement  du  foyer 
(cf  figure  3)  permetUuit  ainsi  d’eiargir  le  domaine  de 
foncuonnemeiit  de  ce  dernier. 
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Figure  3  :  Chzmbre  4  geometric  variable 


En  effet,  au  regime  ralenti,  les  vrilles  sont  fermies  de  telle 
sorte  que  la  richesse  zone  primaire  soit  ainsi  supirieure  4 
celle  que  Ton  aurait  dans  un  foyer  elassique,  permettant 
ainsi  de  conserver  une  stability  satisfaisante. 

Au  regime  piein  gaz  les  vrilles,  totalement  ouvertes, 
admettent  un  dibit  d'air  zone  primaire  supirieur  4  celui 
rencontri  dans  un  foyer  conventionnel,  permettant  d'obtenir 
des  richesscs  et  des  tempiratures  plus  faibles,  done  des 
niveaux  de  fumies  et  d'oxydes  d'azote  beaucoup  plus  bas. 


2.  OPTIMISATION  DE  LA  DISTRIBUTION  DE 
RICHESSE  ZONE  PP.IMAIRE 

l  e  fait  de  moduler  le  dibit  d'air  fond  de  chambre,  permet 
de  conseiver  dans  tout  le  domaine  de  fonctionncment  du 
moteur  des  richesses  zone  primaires  oph  males, 

En  consiquence  les  cartes  de  tempi  ramre  issues  de  la  zone 
primaire  s'av&rent  plus  riguli&res  que  sur  un  foyer 
conventionnel.  La  prisence  d'une  zone  de  dilution  n'est  plus 
aussi  strictement  indispensable. 

La  position  des  trous  primaires  par  rapport  au  fond  de 
chambre,  ainsi  que  la  distribution  de  richesse  dans  la  zone 
primaire  deviennent  des  paramifres  4  optimiscr.  Des  itudes 
ont  dti  rialisies  en  ce  sens  4  Snecma  sur  un  reeteur 
bidimensionnel  4  cinq  injecteurs  (figure  4)  testi  4  pression 
modirie. 


Or  HOI 
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L’inflirnce  dc  plusieurs  paramdtres  a  did  tcstde. 

En  particulier  la  position  des  trous  primal  res  par  rapport  au 
fond  de  chambre  a  etd  modifide.  La  variation  du  domaine  de 
stability  qui  en  idsulte  est  rapportde  (figure  5). 
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Figure  5  :  Evolution  de  la  richesse  d'extinction  en  fonction 
ae  la  distance  des  trous  primaires  au  fond  de 
chambre.  Rdsultats  sur  secteur  4  cinq 
injecteurs. 


II  api  arait  trds  logiquement  une  amelioration  sensible  de  la 
stabiiitd  lorsque  les  trous  primaires  sont  dloignds  du  fond  de 
chamore.  Les  r.iveaux  d'oxydes  d'azote  obtenus,  bien  que 
trds  infdrieurs  aux  valeurs  qui  seraient  aiteintes  sur  un  foyer 
convemionnel,  se  ddgradent  cependant  de  15  %  environ. 

En  paralldle  le  rendement  rdenti  s'umdliore  de  96  4  93  %. 
Dans  le  concept  4  gdomdtrie  variable  dtudid,  le  ddbit  d'air 
fond  de  chambre  traversant  les  swirlers  varie  suivant  les 
rdgimes.  En  consequence  I'adrodynamique  de  la  zone 
pnmaire  est  modifiet,  cri  particulier  dans  les  configurations 
oil  les  jets  primaires  wnt  trds  proches  du  fond  de  chambre. 
Afm  de  quantifier  ces  phdnomfenes,  vies  dtudes  d'analogie 
hydraulique  or.t  dtd  eflectudes  sur  une  mcquette  en  plexiglas 
nar  le  CERT-ONERA. 

Le  ddbit  des  orifices  primaires  reciruilant  diminue  lorsque 
le  ddbit  au  travers  des  swirlers  augmente  (figure  6). 
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Figure  6  :  Ddterminadon  experimentaie  du  ddbit  recirculd 
QrI  en  fonction  du  ddbit  swirlers 


En  plus  de  ces  dtudes  plusicurs  concepts  diffdrents  de  vrilles 
ont  etd  caractdrisds  afin  de  sdloctionner  ceux  conduisant  aux 
rdsultats  les  plus  satisfaisants. 


3.  CARACTERISATiOH  GLOBALE  DU  CONCEPT 

Les  dtudes  d 'optimisation  de  zone  primaire  et  d'injection, 
dont  certaines  sont  ddcrites  prdcddemment,  ont  servi  de  base 
4  la  ddfinition  d'un  foyer  annulaire  4  gdomdtrie  variable  (cf 
figure  7) 


Figure  7  :  Chambre  4  geomdtrie  variable 


Cette  chambre  nrdsente  la  pa.'icularitd  d’etre  tres  courte  par 
rapport  4  une  chambre  conventionnelle  (d'env.ron  20  %),  ce 
qui  permet  de  rdduirr  de  fapin  sensible  ,e  ddbit  dc 
refroidisscment. 

Les  performances  er  s'abilitd  sunt  ires  satisfaisantes. 

Bicn  que  la  quantitd  d’air  admise  en  zone  primaire  soit  plus 
importante  que  sur  un  foyer  conventionnel  (+  40  %)  I? 
stabiiitd  4  pression  atmosphdrique  esi  comparable,  Les 
pression •'  de  rallumage  en  altitude  sont  amdliordes  d'environ 
10  kPa. 

Les  profils  de  tempdrature  sortie  foyer  sont,  malgid  la  faible 
.nngueur,  et  {'absence  de  zone  de  dilution  trds  bons 
(figure  8) 
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Figure  8  :  Profils  dt  temperature  en  sortie  foyer 


Cette  performance,  due  &  ^optimisation  de  la  rone  primaire, 
s'avfere  particulitrement  precieuse  dans  ie  cas  tie  cycles 
thermodynamiques  trAs  chauds.  II  faut  noter  d’ autre  part  que 
la  variation  ae  ces  panunfetres  suivant  Its  regimes  de 
fcnctionnement  est  faible. 


CONCLUSION 

Les  bons  rdsultats  obtenus  a  Snecma  A  la  fois  sur  secteur 
bidimensionnel  et  sur  chambrc  annulaire  ddmontrant 
1’aptitude  du  concept  A  gdomdtrie  variable  A  rdpondre  aux 
specifications  de  performances  des  chamhres  de  combustion 
des  motcurs  caracterisds  par  de  fortes  temperatures  de  sortie 
foyer. 

F,n  effel,  un  bon  compromis  peut  6ue  obtenu  enje  les 
performances  plein  gaz  et  les  performance.^  ralenti,  tout  en 
con  servant  en  parallfele  des  profits  Ce  temperature  triis 
homogfenes. 

Les  travaux  de  recherches  continuent  sur  re  thime  A  la  fois 
sur  le  pLm  experimental  et  en  utilisant  des  rndthodes  de 
prediction  3D  afin  d' adapter  ce  concept  A  des  cycies  encore 
plus  chat’ds,  e'est  A  dire  A  richesse  de  fonctkmnement  foyer 
encore  plus  importante.  Pour  ce  faire  le  debit  de 
refroidissement  doit  ttre  aussi  bas  que  possible.  En  parallels 
le  syst^me  d'injection  doit  permettre  ie  passage  d'une  masse 
d'atr  de  plus  en  plus  importante. 

La  realisation  de  foyer  fonctionnant  A  des  richesses  trfcs 
etevdes  n'est  plus  concevable  sans  lever  certaines 
contraintcs  induites  par  une  geometric  fixe  de  foyer  A  une 
seule  tfcte,  Malgrd  la  relative  completite  technologique 
induite,  les  systemes  A  geometric  variable  permettent  de 
rdsoudre  ces  difficultes. 

Les  auteurs  remercient  la  DKET/G7  et  le  STPa/Mo  pout  le 
soutien  financier  qu’ils  ont  apporte  A  ia  realisation  de  ces 
travaux. 
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SUMMARY 

This  Paper  aummariaaa  tha  work 
undartakan  by  tha  Dafanca  Rasaarch 
Agancy  (DRA  Pyestonk)  for  tha 
BRITE/EURAM  Low  Emissions  Combuator 
Tachnology  Projact  No  1019.  Tha  work 
was  jointly  fundad  by  tha  CEC  (DGXIIH), 
tha  UK  DTI  (CARAD  -  ATF4)  and  tha  UK  MOD 
(DCSA). 

Tha  gas  turbina  amisaiona  problam  ia 
summarised  and  tha  dasign  philosophy  of 
tha  axparimantal  programme  ia  dascribad. 
Tha  principal  objective  waa  tc 
demonstrate  a  simultaneous  reduction  of 
NO,  and  smoke  emissions  together  with 
acceptable  idling  emissions  and 
stability  in  an  unstaged  combustor.  A 
secondary  objective  was  to  demonstrate 
the  extent  to  which  NO,  and  smoke  could 
ba  reduced  if  the  combustor  was  to  be 
used  as  the  main  stage  of  a  staged 
combustor  where  a  poorer  idling 
performance  could  be  accepted.  The  work 
consisted  of  a  parametric  investigation 
of  the  principal  factors  controlling  the 
emissions  produced  in  the  combustor 
primary  zone.  Particular  emphasis  was 
placed  on  the  influence  of  the 
distribution,  number  and  size  of  air 
entry  holes  and  of  residence  time  on 
pollutant  formation. 

The  results  from  the  complete 
experimental  programme  are  summarised. 
These  suggest  that  NO,  reductions  of 
about  30-40%  should  be  possible  together 
with  excellent  smoke  and  idling 
performance.  The  results  suggest  that 
NO,  was  formed  very  close  to 
stoichiometric  flame  temperatures  even 
at  very  weak  combustor  mixture  strengths 
and  under  well  mixed  conditions.  The 
reductions  that,  were  achieved  were 
largely  as  a  result  of  reductions  of 
residence  time. 

A _ .IfilBgBHSIlSM 

The  significant  emissions  that  are 
generated  by  gas  turbines  are  unburned 
fuel,  carbon  monoxide,  smoke  and  oxides 
of  nitrogen  (NO,).  For  stationary  gas 
turbine  sources,  limits  have  been  placed 
on  most  of  these  emissions  by  National 
regulatory  authorities  whilst  for 
aviation  recommended  levels  have  been 
set  by  ICAO. 

In  the  past,  the  emission  of  oxides  of 


nitrogen  has  been  seen  as  such  an 
intractable  problem  that  the  "control" 
of  these  emissions  has  been  no  more  than 
a  capping  level  set  at  a  value  that 
represents  the  status  quo.  Part  of  the 
argument  in  favour  of  this  approach  has 
been  that  higher  efficiency  cycles 
inherently  produce  more  NO,  and  that  fuel 
efficiency  is  more  important  than  the 
relatively  small  NO,  emissions  from  gas 
turbine  sources.  In  more  recent  times 
the  problems  of  acid  rain,  photochemical 
smog,  high  ozone  concentrations  at  sea 
level  and  ozone  depletion  in  the 
stratosphere  have  become  much  more 
evident.  All  these  problems  are,  to 
some  extent,  a  result  of  NO,  emissions. 

It  ia  clear  that  the  tolerant  view  of 
gas  turbine  NO,  emissions  is  no  longer 
acceptable  and  that  much  more  than  a 
token  reduction  will  be  required  to 
improve  the  situation. 

Reductions  in  NO,  of  the  order  of  30% 
relative  to  the  traditional  levels  such 
as  those  described  by  Lipfert1  can  be 
achieved  by  optimisation  of 
"traditional”  combustion  geometries. 
However,  at  the  time  when  this  research 
programme  was  planned  no  engineworthy 
technology  existed  to  reduce  NO,  by  more 
substantial  amounts  on  a  predictable 
basis  without  severe  smoke,  stability  or 
efficiency  penalties.  At  the  same  time 
as  the  reductions  in  emissions  are  being 
required,  combustors  are  being  run 
increasingly  rich  as  a  result  of 
increases  in  cycle  efficiency.  As  a 
result  it  is  becoming  increasingly 
difficult  to  achieve  a  satisfactory 
allocation  of  the  limited  air  supply  to 
the  various  uses  such  as  wall  cooling, 
the  control  of  pattern  factor  and 
emissions  control. 

2 _ THE  DESIGN  OF  THE  EXPERIMENT 

Because  emissions  measurements  are  made 
at  the  combustor  exit  plane,  the 
emissions  production/consumption 
performance  of  a  given  design  of  primary 
zone  can  be  masked  to  a  large  extent  by 
any  chemistry  that  takes  place  further 
down  the  combustor.  It  is  easy  to  see, 
for  instance,  that  the  performance  of  a 
low  NOx  primary  zone  would  be  masked  if 
high  levels  of  NO,  were  produced  further 
down  the  combustor.  For  this  reason, 
the  work  described  here  was  based  on  a 
series  of  experiments  performed  on 
isolated  primary/intermediate  zones. 


Presented  at  an  AGARD  Meeting  on  ‘Fuels  and  Combustion  Technology  for  Advanced  Aircraft  Engines’,  May  IW. 


.12-2 


These  were  run  at  air  loading*  typical 
of  advanced  a*ro  combustor*  appropriate 
to  both  military  and  civil  application*. 

3  TKST  PROGRAMME 

A  generalised  view  of  a  combuator  within 
the  teat  rig  environment  ia  ahown  in 
Figure  1.  Three  baaic  typea  of 
combuator  configuration  were  atudied. 
Thea*  ranged  from  the  "conventional"! 
with  an  overall  recirculation  tone,  to 
"plug  flow"  combuatora  with  direct  air 
injection  through  the  combuator  head 
from  a  very  largo  number  of  air  entry 
hole*  (see  Figure*  2a  to  2c).  Jet  mixed 
combuator  designs  were  used  in  this 
programme  because  of  their  simplicity2'3 
and  the  ease  with  which  air  mass  flow 
(and  therefore  air/fuel  ratio  and 
residence  time)  could  be  calculated.4 

The  programme  used  a  relatively  small 
number  of  items  of  hardware.  These  were 
permutated  to  produce  a  rang*  of 
geometries  and  conditions  so  that  the 
separate  affects  of  parameters  such  as 
atomiser  air/fuel  ratio,  combustor 
pressure  loss,  overall  residence  time 
and  air  placement  could  be  identified. 
All  the  combustors  used  in  the  programme 
were  identical  in  shape  and  volume. 

They  were  constructed  from  Rolls-Royce 
"transply"  sheet  material5  so  that, 
before  the  primary  combustion  entry  air 
holes  were  drilled,  they  were  all  of 
equal  porosity. 

At  the  design  stage  the  flow 
distribution  and  pressure  loss  were 
calculated  for  each  type  of  combustor 
configuration.  The  air  entry  holes  were 
Bized  such  that  all  the  combustors  would 
have  the  same  pressure  loss  (about  4%) 
at  standard  operating  conditions.  Two 
additional  versions  of  each  datum 
combustor  type  were  then  designed  with 
exactly  the  same  hole  configuration  but 
with  primary  holes  20%  greater  and  20% 
smaller  in  area.  These  variations  in 
primary  hole  area  affected  the  overall 
combustor  porosities  by  about  9%  and 
combustor  pressure  loss  by  about  18% 
(depending  on  the  exact  combustor 
configuration).  It  was  assumed  that  the 
relatively  small  change  in  primary  hole 
diameter  itself  would  have  negligible 
effect  on  the  combustion  process. 

Aviation  kerosine  fuel  (AVTUR)  was  used 
throughout  the  programme.  The  effects 
of  varying  operating  conditions,  such  as 
pressure  loss,  would  have  changed  the 
atomisation  quality  produced  by  an 
airspray  atomiser  and  this  would  have 
masked  the  effect  of  other  experimental 
variables  on  emissions.  To  avoid  this 
problem  an  air  assist  atomiser,  using  ar. 
external  compressed  air  supply,  was  used 
throughout  the  programme.  This  ensured 
that  the  atomisation  quality  and  fuel 
placement  was  the  same  for  all 
combustors  and  that  valid  comparisons 


could  be  mad*  between  different 
combustors  and  tests. 

Ths  spray  from  thia  atomiser  was 
injected  into  a  stream  of  combustor  air 
flowing  into  the  combuator  through  an 
annular  passage  around  the  atomiser 
head.  Three  simple,  replaceable  air 
control  sleevas  were  used  to  alter  the 
flow  area  of  this  annular  passage  and 
thereby  to  change  the  atomiser  air/ fuel 
ratio. 

Ixl _ samteMuttflE  flmlfla 

Because  of  the  very  wide  variations  of 
geometry  that  ar*  possible  even  within 
the  three  baaic  combustor  types,  two 
versions  of  each  were  built.  In  order 
to  limit  the  size  of  the  test  programme 
these  were  subjected  to  a  limited, 
preliminary  test  programme*  in  order  to 
select  the  best  combustor  of  each  pair 
to  go  into  a  more  comprehensive  test 
programme.  The  full  range  of  combustor 
builds  employed  in  the  programme  is 
ahown  in  Figure  3. 

_ Test  Conditions 

The  combustors  were  run  at  an  idle 
condition  typical  of  that  of  a  modern, 
high  pressure  ratio  engine:  Combustor 
pressure  5.1  Bars,  inlet  air  temperature 
500K,  residence  time  was  approximately 
3.24  ms  (based  on  the  mean  exit 
temperature).  Measurements  were  made  at 
three  different  air/fuel  ratios  in  order 
to  determine  the  efficiency 
characteristic  and  to  obtain  some  idea 
of  the  weak  stability  of  each  design. 

The  combustors  were  then  run  at  a 
simulated  maximum  power  condition  with  a 
datum  air  mass  flow,  a  reduced  mass  flow 
(-10  or  20  %)  and  an  increased  mass  flow 
(+10  or  20%).  Test  points  nominally  at 
24,  28  and  32  overall  air/fuel  ratio 
were  set  up  for  each  air  mass  flow. 

These  overall  air/fuel  ratios  correspond 
to  effective  combustion  process  air/fuel 
ratios  of  16,18  and  21  because  of  a 
relatively  high  percentage  of  wall 
cooling  air.  Simulated  high  power 
conditions  were  as  follows:  combustor 
pressure  5.1  Bars  and  air  inlet 
temperature  850K.  Residence  times 
(based  on  a  mean  gas  temperature  of 
2100K)  varied  between  2.4  and  4.1  ms 
depending  on  the  air  mass  flow. 

IjJ _ Test  Conditions  and  Combustor 

Build  Matrix 

An  example  of  the  matrix  of  combustor 
builds  and  test  conditions  that  were 
explored  for  each  of  the  generic 
combustor  types  is  shown  in  Figure  4. 
Point  "A"  indicates  the  atomiser  air- 
fuel  ratio/pressure  loss  characteristic 
of  a  combustor  build  having  a  fixed 
primary  air  entry  hole  area  and  a  fixed 
porosity  barrel.  The  combustor  is  being 
operated  at  a  fixed  (datum)  air  mass 
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flow.  The  atoffliaor  air/fuel  ratio  of 
thia  combustor  can  bs  altered,  for 
further  testa,  by  changing  simple 
mechanical  sleeves  that  control  the 
atomiser  main  airflow.  Whan  the  oontrol 
sleeve  aise  is  increased  in  stages 
(increasing  main  atomiser  airflow)  and 
the  comDviS*or  is  run  again  at  the  datum 
air  mess  flow  the  combustor 
characteristics  move  from  A  to  B  to  C. 

At  the  same  time  there  is  a  modest 
reduction  in  combustor  pressure  loss  due 
to  the  small  increase  in  atomiser  air 
flow  area.  If  a  new  combustor  head  is 
manufactured  with  the  same  hole  geometry 
and  the  same  number  of  holes  but  with 
slightly  larger  diameters  this  will 
produce  combustor  builds  that  have  a  naw 
set  of  characteristics  D,  E  and  F. 

These  combustor  builds  are  being  run  at 
the  same  mass  flow  as  A,  B  and  C  and 
therefore  have  the  same  residence  time 
but  have  a  lower  pressure  loss.  As  part 
of  the  analysis  process  the  results  of 
tests  between  builds  A  and  D,  B  and  E, 
and  C  and  F,  can  be  compared  to  see  tha 
effects  of  pressure  loss  on  emissions. 
(Adjustments  first  need  to  be  made  to 
any  data  to  correct  for  the  effects  of 
the  small  changes  in  atomiser  air/fuel 
ratio) . 

If  combustor  builds  cn  the  A,  B,  C 
characteristic  are  run  with  20%  less 
airflow  they  will  have  the  same  pressure 
losses  as  combustors  on  the  D,  E,  F 
characteristic  but  will  have  a  20% 
greater  residence  time.  Conversely  the 
builds  on  the  D,  E,  F  characteristic  can 
be  run  at  a  20%  higher  mass  flow  to  give 
the  same  pressure  losses  as  builds  on 
the  A,  B,  C  characteristic  but  have  a 
20%  lower  residence  time. 

In  a  similar  way,  decreasing  the 
combustor  hole  areas  produces  combustors 
G,  H  and  I.  These  can  either  be  run  to 
give  either  a  higher  pressure  loss  than 
A,  B  and  C  or  a  higher  residence  time. 

During  the  analysis  of  results  the 
separate  effects  of  varying  residence 
times,  atomiser  air/fuel  ratios  and 
combustor  pressure  losses  can  be 
extracted  from  the  results  from  this 
matrix  of  builds  and  tests  by  cross 
plotting  and  interpolation  techniques. 

1x5 _ MEMVMMSEJS 

Samples  for  gas  analysis  were  taken  from 
the  combustor  exit  plane  by  means  of  a 
gas  sampling  probe  that  was  cooled  and 
conditioned  to  150°C  by  means  of  a 
pressurised  hot  water  system.  At  the 
start  of  the  programme,  for  a  limited 
number  of  tests,  individual  gas  Bamplea 
were  taken,  using  a  single  point  probe, 
to  produce  55  point  maps  of  the 
combustor  exit.  The  gas  samples  were 
analysed  for  unburned  fuel,  carbon 
monoxide,  carbon  dioxide,  oxygen,  nitric 
oxide,  nitrogen  dioxide  and  smoke. 


Combustion  efficiencies,  emissions 
indices  and  gas  temperatures  wore 
calculated  from  these  measurements. 
Because  of  the  wide  range  of  gas 
temperatures  in  the  gases  leaving  the 
combustor  it  was  necessary  to  apply 
density  weighting  corrections  to  the  gas 
analysis  data  in  order  to  calculate  true 
overall  values1.  After  completion  of 
this  data  processing  the  agreement 
between  the  air/fuel  ratios  measured  by 
the  rig  meters  and  the  averaged  gas 
analysis  air/fuel  ratio  was  generally 
better  than  i2%.  The  data  generated 
from  the  55  point  survey  was 
subsequently  used  to  justify  the  use  of 
a  five  hole  averaging  rake  that  allowed 
a  much  faster  rate  of  data  gathering. 
This  probe  was  traversed  across  the 
combustor  exit  duct  in  eleven  steps  with 
full  gas  analysis  and  SAE  smoke 
measurement  at  each  step.  The  average 
species  concentrations,  gas  temperatures 
etc  were  then  calculated  as  before  on  a 
mass  weighted  basis  from  the  eleven 
separate  analyses. 

Where  comparisons  have  been  made  between 
experimental  NO,  emissions  and  the 
Lipfert  correlation  the  Lipfert 
Emissions  Indices  have  been  corrected 
dor,n  to  experimental  pressure  levels 
using  the  familiar  P°”  relationship. 

ThiB  allows  the  absolute  experimental  NO, 
El’s  to  be  used  throughout  the  Paper. 

Combustor  wall  temperatures  were 
monitored  using  temperature  sensitive 
paints.  Because  of  the  long  duration 
(«4  hours)  of  each  test  and  the  wide 
range  of  test  conditions,  the  paints 
only  gave  an  approximate  indication  of 
the  highest  temperature  reached  during 
the  test. 

Flow  visualisation  tests  of  the  three 
combustor  types  were  also  undertaken." 

In  these  the  flow  fields  within  the 
combustors  were  mapped  together  with 
surveys  of  residence  time  and  mixedness 
throughout  the  combustor  volume.  These 
results  are  not  presented  here  due  to 
lack  of  space. 

ixO _ RESULT? 

Many  simple  relationships  between 
parameters  (the  dependency  of  NO,  on 
pressure  loss,  for  example)  are 
presented  in  this  section.  These  have 
been  generated  at  DBA  by  traditional 
interpolation  and  cross  plotting  methods 
to  eliminate  the  effects  of  the  other 
variables.  One  consequence  of  this 
process  is  that  the  data  have  been 
smoothed.  These  relationships  should 
therefore  be  seen  as  trends  rather  than 
indicating  absolute  values. 

In  addition  to  the  analysis  undertaken 
at  DBA  a  separate  analysis  was  also  made 
at  Rolls-Royce9  (with  considerably  less 
manual  effort)  using  a  statistical 
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method.  The  trend*  indicated  by  the  DRA 
end  Rolls-Royce  enelyee*  were  in 
excellent  agreement. 

Due  to  the  immense  quantity  of  result* 
that  were  generated  in  this  programme , 
thore  is  only  space  in  this  paper  to 
publish  quantitative  data  for  one 
combustor.  Detailed  results  from  the 
entire  programme  have  been  published  in 
references  6,  10  and  11. 

Some  builds  of  both  Type  1  and  Type  2 
combustors  produced  excellent  and 
comparable  performances.  In  practical 
terms,  the  performances  of  the  Type  3 
combustors  were  inferior  to  those  of  the 
other  two  -  largely  because  the  fast, 
intimate  mixing  of  fuel  and  air  waa  not 
fully  achieved.  The  results  presented 
her*  concentrate  largely  on  the 
quantitative  data  from  the  Type  2 
combustors. 


sambiiafcQj: 

A  full  set  of  data  for  these  combustors 
has  been  published  in  Reference  10.  The 
combustor  that  was  judged  to  have 
returned  the  best  performance  was  a  low 
porosity  build  with  a  high  atomiser 
air/fuel  ratio.  The  combustor  pressure 
loss  (1:4.5%)  was  rather  high  as  a  result 
of  the  low  porosity.  Idling  efficiency 
was  ~S8.8%  at  60  AFR.  High  power  smoke 
was  about  8  SAE  at  20  AFR  falling  to  1 
SAE  at  30  AFR.  High  power  efficiency 
was  close  to  that  which  could  be 
achieved  under  chemical  equilibrium 
conditions,  (-9e.5%  at  an  overall  AFR  of 
20).  NO,  reductions  of  »  18%  were 
achieved  at  20  AFR  and  reductions  of 
*37%  were  achieved  at  28  AFR. 

The  results  of  the  analysis  of  the 
effects  of  individual  parameters  can  be 
summarised  as  follows:  The  effect  of 
increasing  combustor  pressure  loss  was 
to  cause  an  increase  in  NOx.  On  the 
other  hand  increasing  pressure  loss  also 
tended  to  produce  a  reduction  in  smoke 
emissions.  This  would  seem  logical 
since,  in  a  relatively  poorly  mixed 
primary  zone,  improvements  in  mixing  (as 
a  result  of  increased  mixing  energy) 
would  cause  earlier,  more  complete 
combustion.  This  in  turn  would  lead 
both  to  lower  smoke  and  to  higher  NO,. 

NO,  emissions  were  strongly  reduced  by 
shortening  combustor  residence  time. 

This  reduction  in  NO,  appeared  to  be 
independent  both  of  overall  air/fuei 
ratio  and  atomiser  air/fuel  ratio.  In 
contrast  residence  time  variations  had 
only  a  minimal  effect  on  smoke  and  full 
power  efficiency. 

NO,  emissions  were  reduced  quite  strongly 
aa  a  result  of  weakening  overall 
air/fuel  ratio.  The  rata  of  reduction 
of  NO,  witn  air/fuel  ratio  was 


independent  of  the  other  variables  such 
as  pressure  loss  snd  residence  time. 
Smoke  emissions  too  decreased  very 
strongly  as  the  overall  air/ fuel  ratio 
was  weakened. Ac  with  the  NO,  emissions 
there  was  a  characteristic  rat*  of  smoke 
decrease  with  air/ fuel  ratio  that  was 
Independent  of  other  factors  such  as 
residence  time  and  pressure  loss. 

The  effect  of  atomiser  air/fuel  ratio  on 
NO,  was  more  complex.  For  the  lower 
pressure  loss,  high  residence  time 
conditions  NO,  tended  to  rise  as  atomiser 
air/fuel  ratio  was  weakened.  At  the 
came  time  the  data  suggested  that  the 
increase  peaked  or  at  least  levelled  out 
at  atomiser  air/fuel  ratios  in  the  range 
1  to  2.  For  the  high  pressure  loan,  low 
residence  time  conditions  the  NO,  tended 
to  fall  initially  and  then  rise  as  the 
air/fuel  ratio  was  weakened  further. 
Smoke  levels  were  very  markedly  reduced 
as  otomiser  air/fuel  ratio  was  weakened. 

Lt 2 _ gar  t  pcmanfig 2A.  axes 

combustor 

A  full  description  of  the  details  of 
combustor  design  and  performance  for  the 
full  set  of  combustors  has  been  reported 
in  References  10  and  11.  The  emissions 
characteristics  are  shown  in  Figures  5a 
to  5d.  This  waa  a  high  porosity,  medium 
atomizer  air/fuel  ratio  combustor  buiLd. 
For  this  type  3  sat  of  combustors  there 
were  several  builds  that  were  very  cIobb 
in  performance  to  the  one  that  was 
finally  selected.  Indeed  some  of  these 
alternative  builde  produced  distinctly 
better  performance  in  some  respects  than 
the  one  that  has  been  selected. 

When  test  data  for  several  tests  of  this 
type  of  combustor  were  analysed  it  was 
found  that  the  combustion  efficiencies 
of  many  gar  samples  were  higher  than 
would  be  predicted  by  chemical 
equilibrium  calculations.  In 
consequence  calculated  gas  temperatures 
for  these  points  were  up  to  100c  higher 
than  equilibrium  values.  For  the 
richest  mixtures  and  lowest  efficiencies 
the  equilibrium  composition  becomes 
difficult  to  define  absolutely  and 
efficiencies  higher  than  "equilibrium" 
can  readily  be  accepted.  However  close 
to  stoichiometric  conditions, 
equilibrium  properties  can  be  defined 
accurately  and  samples  that  appear  to  be 
more  efficient  are  less  easy  to  accept 
without  investigation. 

There  was  therefore  some  concern  that 
these  high  efficiencies  had  been  caused 
by  recombination  reactions  as  a  result 
of  a  failure  of  the  gas  sampling  probe 
to  quench  samples  adequately.  In  order 
to  investigate  this  possibility,  tho 
efficiencies  of  individual  gas  samples 
from  this  combustor  were  compared. 

Figure  6a,  with  those  from  combustor  1A 
at  comparable  conditions,  Figure  6b. 


This  comparison  showed  that,  at  tha  moat 
efficient  conditions,  a  vary  large 
numbar  of  naar  stoichiometric  samples 
from  combustor  1A  lay  at  tha  aqui librium 
concentration  boundary  or  vary  closa 
within  it.  This  showad  that  tha  samples 
had  baan  proparly  quanchad  and  that  the 
parformanca  of  tha  probs  was 
satisfactory.  Additional  avidanca  was 
available  in  tha  form  of  abnormally  high 
NO,  concentrations  that  ware  associated 
with  tha  high  afficiancy/  high 
tamparatura  samples  It  was  concluded 
that  tha  high  aff iciancias  in  combustor 
2B  were  a  result  of  genuine  super¬ 
equilibrium  CC}  concentrations  in  tha 
near  stoichiometric  mixtures  and  were  a 
feature  of  tha  combustor  design. 

As  with  combustor  1A,  increases  in 
combustor  pressure  lose  caused  an 
increase  in  NO,  emissions,  Figure  7a. 

Tha  rata  c£  increase  was  higher  for 
short  residence  times  and  for  weak 
atomiser  air/ fuel  ratios.  In  other 
words  the  combination  of  long  residence 
time  and  good  mixing  produced  most  NO,. 
Smoke  emissions,  Figure  7b,  were  reduced 
by  increasing  pressure  loss  however  the 
effects  were  practically  independent  of 
residence  time. 

Reductions  in  residence  time  (increasing 
air  mass  flow),  Figure  7c,  produced 
reductions  in  NO,  amissions.  These 
reductions  were  most  pronounced  for  weak 
atomiser  air/fuel  ratios  but  only  alight 
for  rich  air/fuel  ratios.  The  rate  of 
reduction  appeared  to  be  almost 
independent  of  pressure  loss.  Unlike 
the  behaviour  of  combustor  1A, 
reductions  of  residence  times  in 
combustor  2B  produced  strong  reductions 
in  smoke  levels.  Figure  7d  It  can  be 
seen  that  there  were  associated  effects 
of  pressure  loss  and  atomiser  air /fuel 
ratio. 

Weakening  overall  air/fuel  ratio 
resulted  in  quite  substantial  reductions 
in  NO,  emissions.  Figure  7e.  A 
combination  of  weak  overall  air/fuel 
ratio,  weak  atomiser  air/fuel  ratio  and 
short  residence  time  produced  the 
overall  best  result.  Idling  efficiency 
was  satisfactory  for  this  combination  of 
conditions  but  when  it  was  weakened  even 
further  the  combustor  suffered  from 
sudden  weak  extinctions  at  about  70  AFR. 
Smoke  levels  were  very  strongly  reduced 
by  weakening  the  overall  combustor 
air/fuel  ratio.  Figure  7f. 

Weakening  the  atomiser  air/ fuel  ratio 
produced  a  NO,  characteristic  having  a 
maximum  at  an  air/fuel  ratio  of  about  2, 
Figure  7g.  In  contrast  smoke  emissions 
can  be  seen  to  pass  through  a  minimum  at 
about  the  same  time,  Figure  7h.  The 
very  low  NOr  emissions  at  the  rich 
atomiser  AFR  and  the  high  smoke  numbers 
at  weak  atomiser  AFR  are  features  of 
this  method  of  data  analysis  and  could 


not  be  achisved  in  practice. 
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A  full  set  of  constructional  data  and 
test  results  are  given  in  References  10 
and  11.  Tha  combustor  build  that  is 
judged  to  have  produced  the  best 
performance  was  a  high  porosity,  high 
atomiser  AFR  version  of  the  combustor 
type.  None  of  the  type  3B  combustors 
producsd  both  high  idling  efficiency  and 
high  full  power  efficiency.  Full  power 
efficiencies  were  much  poorer  than  the 
eff iciancias  of  tha  type  1  and  type  2 
combustors  and  always  well  below 
equilibrium  levels. 

Analysis  of  the  distributions  of 
individual  gas  samples  showed  that  tha 
data  fended  to  fall  into  separate  rich 
and  weak  distributions.  At  the  richer 
conditions  -  around  <2  AFR  -  NO, 
emieaions  ware  the  lowest  recorded  for 
any  of  the  combustorB  tested  in  this 
programme.  This,  however,  was  the 
direct  result  of  the  low  combustion 
eff icisncies.  For  example  NO,  emissions 
actually  increased  when  the  air/fuel 
ratio  was  weakened  and  the  combustion 
efficiency  improved.  At  the  weakest 
conditions  No,  emiuaions  were  practically 
the  same  as  those  from  combustors  1A  and 
2B  although  combustor  3B  was  still  less 
efficient  than  the  other  two.  The  buxld 
of  combustor  that  produced  the  best 
results  suggests  that  it  might  be 
possible  to  achieve  a  very  substantial 
NO,  reduction  together  with  satisfactory 
smoke  by  running  at  24  AFR.  However,  to 
achieve  this  it  would  be  necessary  to 
recover  the  missing  combustion 
efficiency  without  producing  any 
additional  NO,. 

In  contrast  with  combustor  types  1  and  2 
increasing  pressure  loss  had  the  effect 
of  producing  medeet  reductions  of  NO,  and 
increases  in  NO,.  The  reason  for  this 
anomalous  behaviour  is  unclear.  One 
argument  would  suggest  that  increased 
inlet  air  kinetic  energy  should  have 
produced  improvements  in  turbulent 
mixing  and  that  this  should  have 
produced  improvements  in  combustion  and 
increasss  in  NO,.  On  the  other  hand  it 
is  probable  that  the  combustors  were 
poorly  mixed,  with  the  bulk  of  the 
combustion  taking  place  in  a  low 
residence  time,  rich,  core  flow.  Under 
these  circumstances  increases  in  inlet 
air  velocity  would  further  reduce 
residence  time,  with  only  a  minimal 
improvement  in  mixing.  ThiB  mechanism 
would  be  consistent  with  the  known  fluid 
dynamics  of  the  combustors  and  with  the 
observed  effects  of  residence  time  and 
would  explain  the  observed  NO,  results. 

Weakening  the  overall  air/fuel  ratio 
resulted  in  modest  increases  in  NO,.  At 
the  same  time  the  very  high  smoke  levels 


(in  the  region  of  SO  SM  at  20  AFR) 
reduced  to  about  10  SM  at  29  AFR. 

Increasing  atofniser  air/fuel  ratio 
resulted  in  modaat  incraaaaa  in  NO, 
throughout  tha  rang*  of  air/ fuel  ratioa 
tested.  At  tha  same  time  smoke 
amiaaiona  passed  through  aminimum  at  an 
atomiser  air/fual  ratio  of  about  1.8  and 
than  roaa  again. 


Work  waa  undertaken  early  in  the 
programme2,  to  construct  models  of  NO, 
production  that  would  describe  tha 
results  that  had  been  obtained  up  to 
that  tima.  it  quickly  became  clear  that 
it  wae  only  possible  to  predict 
sufficiently  high  KO,  emissions  indices 
if  production  was  aaoumed  to  occur  at 
conditions  very  close  to  stoichiometric 
flame  temperature.  As  tha  test 
programme  continued,  additional  evidence 
was  accumulated  that  supported  this 
assumption.  The  evidence  and  arguments 
in  support  of  the  theory  are  described 
below. 

The  approach  that  was  adopted,  was  to 
calculate  the  levels  of  NO,  that  would 
have  been  produced  if  premixed 
combustion  had  taken  place  in  mixtures 
weaker  than  stoichiometric.  The 
calculations  were  validated  using 
practical  data  from  premixed  combustion 
experiments.  These  predictions  were 
then  compared  with  measured  data  from 
the  experimental  tests. 

Data  from  Coats  experimental  premixed 
combustion  studies'2  is  shown  in  Figure 
8a.  These  data  were  obtained  at  similar 
temperatures  and  pressures  to  those 
employed  in  the  present  programme 
although  the  residence  times  were  much 
longer  (12  to  20  ms).  A  semi-empirical 
NO,  production  equation  from  Reference  13 
was  selected  to  correct  the  Coats  NO, 
data  to  the  temperature,  pressures  and 
residence  times  of  the  present 
experiment.  First,  in  order  to  validate 
the  equation,  it  was  used  to  predict  NO, 
levels  for  one  of  Coats  experimental 
conditions.  The  prediction,  in  Figure 
8a,  can  be  seen  to  compare  well  with  the 
measured  data.  This  validated  equation 
was  then  used  to  calculate  NO,  emissions 
indices  over  a  range  of  premixed 
mixtures  strengths,  at  the  higher  inlet 
temperature  and  the  much  shorter 
residence  time  of  the  present 
experiment.  These  predictions  are  also 
shown  in  Figure  8a.  It  can  be  seen  for 
example,  that  a  NO,  emission  index  of 
about  11  would  have  been  produced  if 
combustion  had  taken  place  in  a  weak 
fuel/air  mixture  (©  *  0.75)  in  the 
experimental  combustor.  In  contrast, 
Figure  8b  shows  data  from  individual  gas 
samples  taken  at  the  exit  plane  of 
combustor  2B  during  the  present  work. 

This  shows  no  examples  of  NO,  emissions 


indices  lower  than  about  18'.  Figure  8a 
therefore  indicates  that  a  NO,  emissions 
index  of  18  must  have  been  produced  by 
combustion  in  an  environment  at  0.90  of 
stoichiometric  or  richer  even  if  a 
longer  than  average  residence  time  is 
assumed.  It  is  not  even  possible  to 
conclude  that  any  combustion  did 
actually  take  place  as  weak  as  ®  ■  0.90. 
This  is  because  the  lowest  NO,  emissions 
indices  that  wsrs  measured  could  have 
been  the  result  of  low  combustion 
efficienciss  or  shorter  then  average 
residence  times. 

The  high  emissions  indices  that  can  be 
seen  in  Figure  8b  are  almost  certain  to 
be  simply  the  result  of  combustion 
products  having  long  residence  times  at 
peak  flame  temperatures.  However,  the 
mean  emissions  indices  tor  all  three 
air/fuel  ratio  conditions  lay  between  22 
and  25  and  it  must  be  concluded 
therefore,  that  the  bulk  of  the  NO,  wan 
generated  in  environments  very  close  to 
stoichiometric  flame  temperatures. 

Although  no  evidence  was  found  of 
combustion  in  weak  mixtures,  in 
practice,  weakening  the  combustor 
air/fuel  ratio  was  shown  to  reduce  NO, 
emissions.  The  principal  reason  for 
this  would  seem  to  be  that  weaker 
operation  reduces  the  residence  time  at 
the  high  flame  temperatures  where  NO,  is 
generated.  This  is  either  because  of 
the  reduction  of  flame  volume  if  the 
fuel  flow  1b  reduced,  or  as  a  direct 
reduction  of  residence  time  if  airflow 
is  increased.  If  it  is  assumed,  for 
example,  that  flame  volume  (residence 
time)  is  reduced  by  *  20%  when  the 
combuBtor  is  weakened  from  24  to  30  AFR 
then  Figure  8a  BuggeBte  that  the  NO, 
emissions  index  would  be  reduced  by  the 
2-3  units  that  were  observed  in 
practice. 

In  summary  the  evidence  strongly 
suggests  that,  although  attempts  were 
made  in  some  combustor  designs  to 
produce  very  fast  mixing  and  weak 
combustion,  the  fluid  dynamic  mixing 
rates  were  always  slower  than  chemical 
reaction  rates.  The  result  was  that  the 
combustion  process  always  occurred  very 
close  to  stoichiometric  conditions 
before  the  fuel/air  mixture  could  be 
diluted  to  weaker  air/fuel  ratios.  What 
was  actually  achieved  was  a  reduction  in 
thermal  NO,  as  a  result  of  reducing  the 
residence  time.  Indeed  in  some  of  the 
Type  3  combustor  builds  the  residence 
time  was  reduced  so  much  that  not  only 
was  NO,  reduced  but  the  hydrocarbon 
combustion  chemistry  itself  was  not 
completed. 


7.1  The  effects  of  the  air  admittance 
geometry,  combustor  pressure  loss, 
atomiser  air/r'uel  ratio,  residence  time 
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and  overall  air  fuel  ratio  on  eir.loaiona 
have  been  systematically  explored. 
Combuatora  having  a  wide  range  of  air 
energy  geometries  have  been  constructed 
and  thirty  different  ccmbuetor  builda 
have  been  studied  in  detail. 

7.2  The  conbuetora  and  the  teat 
programme  were  designed  ao  that  the 
effecta  of  individual  variables,  such  as 
residence  time,  could  be  isolated  by 
data  reduction  methods. 


7.5  The  results  suggest  that  the  NO, 

was  generated  in  environments  very  close 

to  peak  flame  temperatures.  There  is  no 

evidence  that  any  combustion  took  place 

in  mixtures  weaker  than  about  0.90  \ 

stoichiometric.  As  a  result  it  is 

concluded  that  reaction  rates  were 

always  much  faster  than  fluid  dynamic 

mixing  rates  and  that  the  observed  NO, 

reductions  were  achieved  by  reducing 

residence  times  thereby  limiting  thermal 

NO,  production  .  < 


7.3  Some  builds  of  well  mixed 
combustor  have  been  found  to  produce 
combustion  efficiencies  higher  than 
equilibrium  levels  at  air/fuel  ratios  in 
the  region  of  stoichiometric.  Low  smoke 
emissions  are  produced  under  these 
conditions  but  high  NO,  emissions  are 
produced  as  a  result  of  the  higher  than 
equilibrium  temperatures. 

7.4  For  some  of  the  more  successful 
combustor  builds,  full  power  operation 
with  short  residence  times  and  effective 
mixtures  strengths  of  about  20  AFR 
(about  30  AFR  overall)  produced  NO, 
reductions  of  about  30  -  40%.  At  the 
same  time  full  power  efficiencies  close 
to  the  theoretical  equilibrium  values 
were  obtained  together  witn  low  smoke 
emissions.  Combustion  efficiencies  in 
excess  of  99%  were  achieved  at  the 
equivalent  idling  condition. 


7.6  The  parametric  analysis  of  the 
results  indicated  a  complex  varioty  of 
trends  amonqat  the  various  combustors 
depending  on  the  combustor  geometry. 

The  results  of  these  analyses  have  been 
described. 

1 

lTha  sample  stoichiometries  shown  in 
Figure  21b  only  indicate  the  sample 
mixture  strengths  as  measured  at  the 
combustor  exit  plane  and  do  not  describe 
the  history  of  the  samples  within  the 
combustor 
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%  WALL  PRESSURE  LOSS 

figure  4:  Combustor  build  test  matrix 


figure  2b:  combustor  type  2B. 
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figure  5a:  2B  Combustor-Effects  of  ove:all  AFR 
on  idle  combustion  efficiency. 
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figure  6a:  2B  combustor-individual  sample 
combustion  efficiencies. 
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figure  5b:  2B  combustor-Effects  of  overall  AFR  figure  6b:  1A  combustor-individual  sample 
on  max.  power  combustion  efficiency.  combustion  efficiencies. 
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figure  5c:  2B  combustor-Effects  of  overall  AFR  on 
NOx. 
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figure  5d:  2B  combustor-Effects  of  overall  AFR 
on  smoke. 
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figure  7a:  2B  combustor-Effects  of  pressure  loss  figure  8a:  2B  combustor-Effects  of  overall  AFR  or 
on  NOx,  NOx. 
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figure  7b:  2B  combustor-Effects  of  pressure  loss  figure  8b:  2B  combustor-Effects  of  overall  AFR 
cn  smoke.  on  smoke. 
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figure  7c.  2B  combustor-Effects  of  residence  time 
on  NOx. 
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figure  8c:  7B  combustor-Effects  of  atomiser  AFR 
on  NOx. 
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figure  7d:  2B  combustor-Etfects  of  residence  time 
on  smoke. 


figure  8d:  2B  combustor-Effects  of  atomiser  AFR 
on  smoke. 
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figure  9a:  Predictions  of  lean  combustion  NOx. 
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figure  9b:  23  combustor-individual  exit  plane 
£INOx  measurements. 


Discussion 


Question  1.  P.  Kotsiopoulos 

What  were  the  combustor  wall  temperatures  observed,  and  how  much  were  they  affected  by  the  differences  in  number,  size  and 
distribution  of  the  holes? 

Author’s  Reply 

The  measured  temperatures  were  achieved  at  some  unknown  test  condition  or  even  during  a  rig  operating  transient,  so  it  <s 
difficult  to  be  eccvrate.  The  ^conventional  combustor"  had  the  highest  wall  temperatures  and  these  were  in  the  regions  between 
the  secondary  air  holes.  This  would  agree  well  with  the  high  NOx  concentrations  near  these  walls  that  were  described  by 
Professor  Samuelson  in  Paper  28.  This  combustor  suffered  some  damage  during  the  test  programme.  The  jet  stirred  combustor 
was  significantly  cooler.  The  piug  flow  combustor  had  very  cool  walls,  but  this  was  the  result  of  a  failure  to  distribute  fuel 
adequately  and  does  not  indicate  any  improvement  in  integrity  as  a  result  of  this  design. 
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SUMMARY 


This  paper  presents  an  experiment'd  work  on 
the  vom.ro!  of  pollutants  produced  in  a  tubular 
hydrocarbon  fueled  combustor,  by  the  injection 
of  hydrogen  in  quantities  (lass  thnn  <1%  of 
total  fuel).  Hydrogen  is  introduced  in  the  pri- 
rrarv  zone  promixed  with  the  air.  Using  this 
technique,  with  lean  primary  roue,  it  is  possible 
to  leduo  *h«  NO*  emission  level  while  main¬ 
tain5  ng  CO  and  HC  emission  index  at  normal 
level-  (CO  and  HC  levels  ore  greater  without 
hydrogen  injection). 

Injecting  butane,  instead  of  hydrogen,  shows  that 
there  iu  no  beneficial  efiect,  so  the  influence  of 
hydrogen  in  CO  and  HC  reduction  is  due  mainly 
to  factors  such  as  hydrocarbon  substitution  and 
chemical  kinetice.  An  cnnjvsis  to  estimate  the 
contribution  of  these  factors  is  also  included. 

LIST  07  SYMBOLS 

a  rr  ass  fraction  of  hydrogen  within  total  fuel. 
£7  emission  index;  mass  n  pollutant  produced 
per  unit  mass  of  consumed  fuel  (gr/kg). 
r/q  combustion  efficiency 
/  fuel  to  air  mass  ratio 
$  overall  equivalence  ratio  / / feitoich>o,mir,c 
primary  zer-e  equivalence  ratio 
L  heat  of  combustion  per  unit  of  fuel  mass 
M  molecular  weight 
m  total  air  mass  flow  rate 
tv p  primary  air  mass  flow  rate 
rii ,  secondary  air  mass  flow  rate 
mp!,  primary  tor.e  air  mass  flow  rate 
mi,  hydrogen  mass  flow  rate 
*r,/t  kerosene  mass  flow  rate 
th,k  mass  .low  rate  equivalent  of  kerosene 
F  pressure 
T  temperature 
V,  reference  velocity 
A  concentration  (p.p.ir.v.) 

Subscripts 

h  hydrogen 
i  specie 
k  kerosene 

z  combustor  inlet  section 

1.  INTRODUCTION 

A  'arge  fraction  of  the  atmospheric  pollution 
comes  fr  on  the  operation  of  combustion  engines; 
about  70%  of  them  use  oil  derived  fuels.  For 
aviation  Gas  Turbiim  the  combustible  average 


consumption  represents  a  2%  out  of  the  total,  its 
repercussion  on  the  atmospheric  pollution  can 
be  relevant  at  the  local  levels.  In  fact  approx¬ 
imately  50%  of  the  measured  pollution  in  air¬ 
ports  and  surroundings  can  be  attributed  to  air¬ 
craft  operation.  On  the  other  hand,  the  devel¬ 
opment  of  Gas  Turbines  with  regenerat  ive  cycles 
and  the  use  of  ceramic,  materials  allow  a  consid¬ 
erable  increase  in  the  turbine  inlet  temperature 
and  fuel  savings,  what  makes  them  competitive 
with  reciprocating  engines.  So  that  Gas  Tur¬ 
bines  are*  now  being  considered  as  an  alterna¬ 
tive  source  of  power  for  industrial,  maritime  and 
even  for  terrestrial  vehicular  use. 

The  problem  of  pollutants  formation,  as  well  as 
the  influence  of  the  operational  and  design  vari¬ 
ables,  are  basically  independent  of  the  Gas  Tur¬ 
bine  application.  The  reason  is  that  the  pollu¬ 
tants  have  their  origin  in  the  combustion  pro¬ 
cessed  their  later  evolution  in  the  turbine  or 
the  rest  of  elements  is  insignificant.  It  is  known 
that,  the  pollutants  produced  by  Gas  Turbines 
axe  basically  nitrogen  oxides,  unburned  hydro- 
tc.rVons  and  carbon  monox'de.  The  smoke  emis¬ 
sions.  are  almost  non  existent  in  todays  engines. 
The  production  of  nitrogen  oxides  increases  with 
power.  On  the  contrary,  the  production  of  un¬ 
burned  hydrocarbons  unburnts  and  carbon  mo¬ 
noxide  reaches  its  maximum  at  idle. 

Since  the  implementation  of  regulations  on  pol¬ 
lutants  emissions,  the  studies  and  investigations 
of  the  problems  of  formation  and  pollutants  re¬ 
duction  techniques  hzve  considerably  increased 
li-7|  The  different  techniques  for  the  reduc¬ 
tion  of  pollutants  are  essentially  based  on  injec¬ 
tor  modifications  the  state  of  fuel  introduced 
into  the  chamber  (cases  of  prevaporization  and 
premixir.g),  and  the  modification  of  lire  combus¬ 
tor  geometry. 

The  simple  modification  of  the  combustor  geom¬ 
etry,  to  achieve  a  lean  primary  zone  and  to  re¬ 
duce  the  residence  time,  is  the  usual  technique 
to  control  the  nitrogen  oxides  production.  In 
conventional  combustors,  this  technique  leads  to 
the  excesive  pro-luction  of  unburned  and  car¬ 
bon  monoxide  at  low  power  requirements,  such 
as  idle,  as  a  consequence  of  an  excessively  lean 
primary  zone  and  of  the  reduced  residence  time 
[9,10]  The  development  of  noii-couventional 
staged  combustors  with  fixed  geometry  I3-111*'13! 
ana  more  recently  the  conventional  combustors 
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wi,.h  variable  g«ont  a  try,  makes  it  possible  io  prop¬ 
erly  control  the  equivalence  ratio  of  the  primary 
zone  at  different  power  sotting:;. 

tly  other  way.  the  injection  of  hydrogen  in  small 
quantities  to  lean  primary  zones  reduces  greatly 
the  unturned  hydrocarbons  and  CO  emissions 
improving  thus  the  efficiency,  '{’he  application  of 
this  technique  to  continuous  combustion  cham¬ 
bers  is  only  known  through  two  experimental 
works  carried  out  by  NASA  l9,56!.  In  the  first  one 
hydrogen  was  injected  directly  into  the  primary 
zone  of  a  hydrocarbon  fueled  combustor;  while 
in  the  second,  it  wan  uretnixed  with  propane  and 
air  in  a  experimental  propane  burner. 

In  order  to  asses  the  benefits  and  posibilities  of 
the  addition  of  hydrogen  for  pollutants  reduc¬ 
tion  in  combination  with  controled  lean  primary 
zones,  at  different  power  settings,  an  experimen¬ 
ts  work  lias  been  performed  at  E.T.S.I.  Aero- 
nauticos  and  its  results  are  presented  in  this  pa¬ 
per.  A  conventional  tubular  conbustor  was  used 
with  the  primary  zone  fuel  ratio  was  controled 
by  throttling  devices  that  acted  upon  the  pri¬ 
mary  arid  secondary  flow.  In  addition  the  results 
of  injecting  gaseous  butane  instead  of  hydrogen 
are  also  presented  for  comparison  purpose.  Fi¬ 
nally,  the  evaluation  of  the  different  factors  by 
means  of  which  hydrogen  affects  pollutant  re¬ 
duction  is  incluided. 

1.  TEST  FACILITY 

The  experimental  facility,  whose  detailed  scheme 
is  shown  in  figure  1,  is  basically  composed  of 
the  following  systems:  Combustion  chamber,  air 
supply,  fuel  system  and  gas  sampling  and  analy¬ 
sis  system.  The  most  relevant  factions  and  char¬ 
acteristics  of  each  system,  are  briefly  described 
below. 

2.1. Combustor 

The  combustor  (see  figure  2  for  details)  is  of  con¬ 
ventional  tubular  type.  The  air  flow  that  pene¬ 
trates  into  the  primary  zone,  comes  in  part  from 
the  dome  (primary  air  flow),  and  in  part  from 
tfie  intermediate  zone,  due  to  the  back  flow  that 
recirculates  to  the  primary  zone.  From  the  com¬ 
bustor  geometries,  working  conditions,  and  data 
reported  in  the  literature  I17-18-19),  it  is  deduced 
that  a  maximum  of  11.6%  of  the  secondary  air 
flow  enters  through  the  orifices  of  the  inter¬ 
mediate  zone,  and  a  maximum  of  50%  of  it  cir¬ 
culates  back  t,o  the  primary  zone.  Accordingly 
the  air  mass  flow  entering  the  primary  zone  is 
given  by 

rtipz  ~  nip  +  0.058m*  ( 1 ) 

and  taking  into  account  that 

m  =  r'lip  +  m*  (2) 

we  can  write 

mpz  ~  m  -  (J  012 m* 


«o  that  the  primary  zone  equivalence  ratio  is  re¬ 
lated  to  the  overall  equivalence  ratio  through  the 
expression: 

~  1  -  0.9-12m,/m  ^ 

Expressions  (3)  and  (4)  show  that  decreasing  the 
secondary  air  flow  rate,  for  a  given  m,  is  an  ef¬ 
fective  way  to  increase  the  primary  zone  air  flow 
rate  and  to  lean  it.  This  was  performed  by  a 
throttling  device  as  will  be  described  later. 

2.2  Air  supply  system 

The  air  flow  is  provided  by  a  centrifugal  fan 
(uaximun  pressure  ratio  of  1.08  at  1  m3/s)  and 
measured  by  means  of  a  calibrated  nozzle,  lo¬ 
cated  at  the  compressor  inlet.  The  air  enters 
to  the  combustion  chamber,  through  two  coax¬ 
ial  pipes,  separating  the  primary  from  the  sec¬ 
ondary  air  flow.  These  pipes  incorporate  flow 
control  devices  together  with  temperature  and 
pressure  probes. 

The  inner  pipe  is  supported  by  struts.  It  has 
a  butterfly  valve  to  reduce  the  primary  air  flow 
rate  and  a  calibrated  orifice  plate  to  measure  it. 
The  secondary  air  flow  passes  through  the  annu¬ 
lar  area  between  the  two  pipes  where  it  is  throt¬ 
tled  by  a  rubber  membrane  that  close  symmet¬ 
rically  the  annulus  when  it  is  inflated  with  pres 
surized  air,  providing  thus  an  effective  and  low 
perturbing  method  to  decrease  the  secondary  air 
flow  rate. 

An  exhaust  pipe  is  fitted  to  the  combustor  exit 
through  two  sealing  segments,  allowing  relative 
rotation.  It  has  a  rack  of  four  thermocouples, 
separated  by  90  degrees,  with  their  sensible  ex¬ 
tremes  situated  at  different  distances  from  the 
center.  This  configuration  in  conjuction  with 
the  rotation  of  the  exhaust  pipe  provides  the  ra¬ 
dial  and  circumferential  combustor  exit  temper¬ 
ature  distributions.  Also,  the  exhausting  duct 
incorporates  a  sampling  probe  and  a  total  pres¬ 
sure  probe.  Further  downstream  there  is  a  throt¬ 
tle  valve  to  regulate  the  total  air  flow  rate  through 
the  combustor. 

2.3  Fuel  system 

The  fuel  supply  system  (fig.l)  is  composed  of 
the  kerosene  and  the  hydrogen  feeding  systems. 
The  kerosene  supply  system,  consists  of  a  tank, 
pumps,  flowmeters,  pressure  transducers,  clos¬ 
ing  and  regulating  valves,  and  filters.  The  ker¬ 
osene  flow  rate  is  measured  by  means  of  cali¬ 
brated  flowmeters  or  through  the  pressure  drop 
at  the  injector.  The  hydrogen  supply  system 
consists  of  a  parallel  battery  of  hydrogen  bottles, 
pressure  regulators,  on-off  and  regulation  valves, 
fire  extinction  valves  and  flowmeters.  The  hy¬ 
drogen  flow  is  measured  by  calibrated  flowme¬ 
ters 


(3) 


2.4  Gat  sampling  and  analysis  system 

The  sample  probe,  made  of  stainless  steel,  is 
placed  diametrically  as  near  as  possible  to  the 
combustor  exit.  It  has  six  orifices  (3  mm  in  di¬ 
ameter)  arranged  to  provide  equal  area  of  sam¬ 
pling. 

The  sampling  line,  conducts  the  sample  to  the 
analyzers  of  SO/NOx  and  CO.  All  equipments 
are  provided  with  a  pump,  filter  and  condensa¬ 
tion  filter  as  well  as  exhaust  and  bypass  valves. 
The  flow  rate  and  the  pressure  of  the  sample 
are  kept  constant  in  each  analyzer.  The  car¬ 
bon  monoxide  analyzer  is  a  Beckman  865,  of  the 
infrared  absorption  type.  The  NO/NOx  ana¬ 
lyzer,  a  Beckman  951,  is  based  on  the  method 
of  chemiluminiscence.  Unfortunately  the  un¬ 
burned  hydrocarbon  is  not  measured,  however, 
as  it  is  known,  its  trends  and  dependence  with 
operating  variables  are  similar  to  that  of  car¬ 
bon  monoxide  I3'24-25!.  On  the  other  hand,  there 
are  in  the  literature  several  excellent  correla¬ 
tions  HC  -  CO  IJS1,  for  similar  conbustors,  from 
which  the  emission  levels  of  HC  can  be  esti¬ 
mated.  Consequently,  for  the  determination  of 
combustor  efficiency,  we  will  use  the  following 
correlation: 

in  EIC0  ■-  2.77  +  0.485  in  Ellw  (5) 

3.  OPERATING  CONDITIONS 

The  pressure  and  temperature  increments  pro¬ 
duced  by  the  compressor  are  very  low,  and  their 
effect  over  emissions  is  insignificant.  Therefore, 
the  combustor  inlet  conditions  can  be  considered 
equal  to  the  environment  conditions.  Never¬ 
theless,  using  appropiate  correlations  H.13.22'23) 
the  obtained  data  can  be  used  to  estimate  the 
combustor  performance  at  other  operating  con¬ 
ditions. 

The  operating  range  of  the  overall  equivalence 
fuel  air  ratio  has  been  selected  to  be  [0.14-0.3], 
which  are  representative  values  for  idle  and  take¬ 
off  conditions  in  aircraft  engines  respectively. 

The  air  flow  rate  is  selected  indirectly  through 
the  parameter  PjT^/Vr.  This  parameter  con¬ 
trols  the  performance  of  combustors  and  par¬ 
ticularly  combustion  efficiency.  The  results  of 
test  carried  out  for  overall  equivalence  ratio  of 
0.27  are  presented  in  fig.3;  which  shows  the  ef¬ 
fect  of  the  parameter  PjTj/V, r  (  -A'— ]  on 

\  cm2  m  / 

the  efficiency'*)  (four  injectors  have  been  used 
to  take  into  account  possible  effects  of  the  at¬ 
omization  degree).  From  this  figure  one  can  con¬ 
clude  that  the  most  interesting  operating  range 

(**The  efficiency  is  calculated  by  means  of  the  expres¬ 
sion: 

,  EIcoLco  +  EIhcLhc 


is  50  <  PiTi/Vr  <  100.  At  values  lower  than  50, 
the  efficiency  drops  steeply  and  the  combustor 
works  in  unusual  conditions.  At  values  over  100, 
the  primary  zone  residence  time  would  increase, 
as  well  as  NOx  emissions,  without  a  significant 
increase  in  its  perfomance. 

The  injectors  used  in  tests  are  swirl  chamber 
type,  with  a  single  orifice,  producing  atomiza¬ 
tion  by  pressure. 

As  the  required  injection  pressure  changes,  due 
to  demanded  fuel  mass  flow,  the  jet  angle  and 
atomization  degree  change  accordingly  and  this 
affects  the  emission  level  of  pollutants.  This  ef¬ 
fect  is  shown  in  figure  4,  where  it  can  be  seen 
that  the  influence  of  injection  pressure  is  mean¬ 
ingless  for  pressure  values  between  7-12kg/cm2. 
So  the  injection  pressure  is  mantained  between 
7-12  kg/m2,  for  all  tests,  using  a  family  of  geo¬ 
metrically  similar  injectors. 

The  results  with  and  without  hydrogen  are  com¬ 
pared  for  the  sa me  energetic  load.  With  the 
purpose  to  define  the  equivalent  operating  con¬ 
ditions  of  the  combustor,  for  any  case,  an  equiv¬ 
alent  flow  rate  of  kerosene,  me*,  is  used  denned 
as: 

rhek  -  ihh  +  m/17^  (6) 

L>k 


so  that  for  any  case  the  fuel-air  ratio,/,  and  the 
emission  index,  Eli,  are  given  by 


«.  -  <0-^*  (»> 

Expressing  mek  in  terms  of  the  weight  fraction 
of  hydrogen  within  total  fuel,  a,  we  nave: 

=  (9) 


4.  RESULTS  AND  DISCUSSION 

4.1  Effect  of  primary  zone  equivalence 
ratio 

Figures  5  and  6  show  the  effect  of  the  primary 
equivalence  ratio  on  NOx  and  CO  emissions  for 
a  typical  full  power,  overall  equivalence  ratio 
4*  =  0.3,  and  three  values  of  the  parameter 
PiTijVr.  One  can  see  that  the  effect  over  NOx 
emissions  is  very  strong.  A  change  in  the  pri¬ 
mary  equivalence  ratio  from  $pz  =  0.94  to  0.8 
decreases  NOx  by  more  than  50%.  This  is  due 
mainly  to  the  exponential  growth  of  nitrogen  ox¬ 
ides  production  with  temperature  and  also  to  its 
dependance  on  the  residence  time,  since  it  must 
be  take:;  into  a"°nnt  that  an  increase  in  the 
primary  zone  air  flow  rate  not  only  produces  a 


leaner  primary  zone  (less  temperature),  but  si¬ 
multaneously  shortens  the  residence  time.  The 
effect  over  CO  is  contrary  to  the  one  mention- 
ated  above  since  lean  primary  zones  and  small 
residence  times  increase  CO  production.  This 
detrimental  effect  can  he  evaluated  also  through 
its  influence  on  combustion  efficiency,  since  it 
has  been  estimated  that  an  increment  of  20  units 
on  CO  emission  index  means  a  1%  decrease  in 
efficiency. 

Fig.  7  depicts  the  function  EIco  =  /( EInox ) 
obtained  at  two  constant  overall  equivalence  ra¬ 
tio  0  =  0.14  and  0.3  by  changing  the  primary 
equivalence  ratio.  The  original  or  genuine  com¬ 
bustor  operating  points  for  the  two  regimes  are 
also  shown,  illustrating  the  known  problem  of 
fixed  combustor  geometry,  that  is,  excesive  pro¬ 
duction  of  CO  at  idle,  due  to  very  lean  pri¬ 
mary  zone,  and  high  NOx  emission  levels  at  full 
power,  due  to  reasons  already  explained.  Figure 
7  also  illustrates  the  potential  benefits  that  can 
be  obtained  by  controlling  the  primary  equiva¬ 
lence  ratio.  Effectively,  it  can  be  seen  that  at 
idle  we  can  enrich  the  primary  zone  to  decrease 
CO  emissions  with  tolerable  increase  in  NOx ; 
while,  at  fuel  power,  leaning  the  primary  zone, 
the  NOx  level  can  be  greatly  reduced  but  at  ex¬ 
penses  of  an  increase  of  CO  and  consequently  at 
expenses  of  a  loss  in  efficiency. 

4.2  Effect  of  hydrogen  addition 

Hydrogen  addition  is  interesting  because  it  im¬ 
proves  combustor  efficiency  in  those  cases  in  which 
the  primary  zone  is  lean.  To  asses  this  effect  a 
series  of  tests  have  been  carried  out  for  values 
of  primary  equivalence  ratio  between  0.65  and 
0.85.  A  variable  fraction  of  hydrogen,  between 
0  and  4%  in  weight,  was  injected  for  several  val¬ 
ues  of  the  overall  equivalence  ratio  and  of  the 
paramenter  PiTi/V r. 

Figures  8  and  9  show  the  typical  influence  of 
the  addition  of  hydrogen  over  the  emission  lev 
els  of  NOx  and  CO,  for  the  case  of  $  =  0.3 
and  Pi  Ti/Vr  =  70.  As  it  is  shown  in  figure  8, 
the  addition  of  hydrogen  does  not  produce  any 
significant  effect  over  the  emission  level  of  NOx. 
However,  according  to  figure  9,  CO  emissions 
are  decreased  by  about  40%  for  4%  hydrogen 
addition.  This  reduction  is  more  remarkable  at 
low  hydrogen  fractions  where  it  is  possible  to 
achieve  reductions  of  30%,  with  hydrogen  injec¬ 
tions  of  about  1  to  1.5%. 

The  decrease  in  the  CO  emission  index  is  ob¬ 
viously  due  in  part  to  the  fractional  use  of  a 
carbon  free  fuel  (hydrocarbon  substitution)  and 
also  to  other  potential  causes  such  as  prevap¬ 
orization  and  premixing  and  chemical  kinetics. 

In  the  following  we  will  attempt  to  estimate  the 
contribution  of  each  factor  separately. 

The  relative  emission  index  reduction  due  to 
substitution  is  given  by  the  expression: 


( IBoLmH  -  IE°co  =  _  I 

I  Eco  mek 

and  taking  into  account  the  expression  (q), 
finally  obtaine: 

(IEco)»ub  ~  _  _ 1 _ J 

I&CO  j  a  Lh 

1  -  a  Lk 

The  results  given  by  this  expression  are  depicted 
in  figure  12  which  shows  that  the  reduction  due 
to  substitution  represents  about  25%  of  total. 

Since  tne  injected  hydrogen  is  in  gaseous  phase 
and  premixed  with  the  primary  air,  the  primary 
combustor  zone  become  more  homogeneous  and 
in  this  conditions  CO  emission  can  be  somewhat 
different.  In  order  to  evaluate  this  effect,  a  com¬ 
parative  test  is  made  consisting  in  the  addition 
of  hydrogen  or  vaporized  butane  alternatively 
for  the  same  operating  conditions.  The  results 
are  shown  in  figures  10  and  11.  As  it  can  be  seen, 
NOx  emissions  are  roughly  the  same  in  both 
cases.  But  on  the  contrary,  the  EIco  reduction 
is  well  within  the  expected  values  for  the  case  of 
hydrogen  addition,  while  there  is  no  significant 
effect  for  the  case  of  butane  addition.  Conse¬ 
quently,  it  is  considered  that  gaseous  injection 
and  premixing  of  hydrogen  is  not  by  itself  a  sig¬ 
nificative  cause  for  carbon  monoxide  reduction. 

Consequently,  we  can  thought  that  the  main  fac¬ 
tor  causing  a  significant  CO  reduction,  apart 
of  hydrocarbon  substitution,  is  chemical  kinet¬ 
ics.  Effectively,  when  hydrogen  is  added,  the 
rate  of  production  of  radicals  originated  by  the 
system  of  reactions  0%jH 2  increases,  and  also 
the  rate  of  heat  released  by  these  reactions;  this 
enhances  the  step  reactions  involving  C  atoms, 
such  as  the  reaction  of  oxidation  of  CO(CO  + 
OH  — ►  COi  -F  II).  The  significance  of  chemical 
kinetics  increases,  obviously,  with  the  fraction  of 
hydrogen/hydrocarbon.  It  is  especially  impor¬ 
tant  when  the  mixture  hydrocarbon-air  is  bellow 
lean  flammability  limit  but  becomes  flammable 
with  the  addition  of  hydrogen.  So  the  contri¬ 
bution  of  chemical  kinetics  to  CO  reduction  in¬ 
creases  as  one  takes  into  considers  <  .'O  the  non¬ 
uniformities  of  the  mixture  hydrocarbon  air  in 
the  primary  zone,  because  due  to  non  uniformi¬ 
ties  tiiere  will  be  regions  with  a  hydrogen/hydro¬ 
carbon  fraction  much  greater  than  the  average. 

5.  CONCLUSIONS 

At  full  power  combustor  operating  conditions, 
leaning  the  primary  zone,  by  encreasing  the  pri¬ 
mary  air,  is  an  efficient  mean  to  reduce  NOr 
formation,  but  at  a  cost  of  efficiency  because 
CO  and  HC  emissions  increases.  By  injecting 
4%  hydrogen  to  lean  primary  zones,  the  EIco 
can  be  reduced  a  30%,  without  a  significant  in¬ 
creases  in  NOx,  due  partially  to  hydiocarbon 
substitution  and  mainly  to  chemical  kinetics. 


Al  idle  combustor  operating  conditions,  onerous- 
ing  the  primary  zone,  by  decreasing  priiriar.v  air 
is  an  efficient  mean  to  reduce  CO  ana  HC  emis¬ 
sions  ,  while  mantaining  N0S  formation  to  low 
level. 
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Fig.  10  Effect  of  hydrogen  or  butane  addition 
on  CO  emissions 
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Fig.  12  Estimated  contribution  of  different 
factors  on  CO  reduction. 


Discussion 


Question  1.  P.  Kotsiopoulos 

Was  there  any  other  reason  for  limiting  the  amount  of  hydrogen  fuel  to  4%,  apart  from  the  observation  that  an  excess  beyond  2% 
hydrogen  in  the  total  fuel  had  no  significant  effect  on  emissions? 

Author’s  RepF 

This  is  effectively  the  main  reason,  plus  the  fact  that,  if  this  technique  is  implemented,  it  will  be  better  to  use  the  smallest  quantity 
of  hydrogen  possible  for  safety  reasons. 
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ABSTRACT 

Reaction  progress  in  premixed  methane-air  (lames  in  round  ducts  without  and  with  kerosene  sprays  has  been  quantified  on  the  basis  ot 
species  concentration  measurements  (or  different  fueling  arrangements  of  kerosene  with  equivalence  ratio,  proportion  of  liquid  to  gaseous 
tue<.  duct  length  and  air  preheat  temperature  as  variables  in  smooth  and  in  rough  combustion.  The  intensity  ot  heat  release  dose  to  the  name 
holder  in  rough  combustion  was  greater  than  that  in  smooth  combustion,  and  the  duct  length  necessary  to  ensure  complete  combustion 
decreased  with  air  preheat  temperature  and  upstream  turbulence  intensity  and  was  weakly  dependent  on  the  proportion  of  methane  to 
kerosene  in  (low  arrangements  where  the  kerosene  was  sprayed  upstream  of  the  flame-holder.  The  infection  ot  kerosene  through  the  flame- 
holder  at  a  velocity  largor  than  that  of  the  mean  flow  past  the  disk  led  to  uneven  mixing  and  incomplete  combustion.  Pulsed  injection  of 
kerosene  through  a  pintle-type  injector  aiso  resulted  in  incomplete  combustion  due  to  the  larger  droplet  size  than  in  arrangements  with  a  steady 
tlow  of  kerosene.  Oscillations  of  large  amplitude  were  Induced  at  equivalence  ratios  usually  associated  with  smooth  combustion  and  oscillations 
in  rough  combustion  ameliorated  by  pulsed  injection  of  kerosene  comprising  around  10  %  of  the  total  fuel. 


NOMENCLATURE 

Cp  w  specific  heat  of  thermocouple  wire 
d  flame-holder  diameter  (Fig.  1) 

da  diameter  of  anvil  (Fig.  1 ) 

dw  thermocouple  wire  diameter 

t  frequency 

kg  thermal  conductivity  of  gas 

L  downstream  duct  length  (Fig.  1 ) 

mass  flow  rate  of  unswirled  air  (flow  arrangement  of  Fig.  1b) 
mass  flow  rate  of  swirf  air  (flow  arrangement  of  Fig .  1b) 
man  How  rate  of  fuel  (flow  arranger, sent  of  Fig.  1b) 
mass  flow  rate  ot  kerosene 

stoichiometric  mass  flow  rate  of  kerosene  based  on  total  air  flow 
rmt  fluctuation  of  pressure 
radial  distance  from  duct  axle 

distance  from  duct  atds  to  line  it  injection  of  swirf  air  and  fuel  (t!ow  arrangement  of  Fig.  1b) 

Reynolds  number  *  pU b> 

Reynolds  number  based  on  thermocouple  wire  diameter 
swirl  number 
mean  temperature 
rms  fluctuation  of  temperature 
bulk  mean  velocity  ot  air  In  duct,  based  on  unreacted  flow 
mean  velocity  of  swirl  air  (flow,  arrangement  of  Rg.  1b) 
mean  velocity  ot  fuel  (flow  arrangement  ot  Fig.  1b) 
x  axial  distance  of  probe  tip  from  flame-holder  (Fig  2) 

X  upstream  duct  length  (Fig.  1) 

v  kinematic  vfeoostty 

P  density  of  upstream  air 

Pyy  density  of  thermocouple  wire  material 

i  time  constant  for  thermocouple 

♦  equivalence  ratio  ■  (alr-to-fuel  ratio  at  stoichiometry)  /  (air-to-tuel  ratio) 

Presented  at  an  ACARD  Meeting  on  'Fuels  and  Combustion  Technology  for  Advanced  Aircraft  Engines’,  May  IWS. 


34-i 


1.  INTRODUCTION 

The  tHIclency  and  range  of  operation  of  gas  turbine  combustors  depends  on  the  combustor  design,  the  geometric  and  (low  parameters 
and  the  fuelling  method,  and  detailed  measurements  of  velocity,  temperature  and  species  concentration  have  been  carried  out  in  can  and 
annular  combustors  burning  gaseous  and  liquid  fuel  and  involving  a  variety  of  fuelling  arrangements  (1-7].  Although  these  measurements  were 
extensive  In  scope  and  have  provided  useful  information  about  combustor  performance,  tltey  have  been  limited  by  the  complex  geometry  of  the 
combustor  and  the  cost  in  instrumentation,  skills  and  time.  Also  the  interpretation  of  results  from  laboratory  models  is  subject  to  uncertainty 
arising  from  the  dependence  of  combustion  efficiency  on  variables  Including  the  distribution  of  the  mean  flow  and  temperature  and  the  time  and 
length  scales  of  turbulence.  An  understanding  of  the  combustion  process  In  simple  flow  arrangements  is,  therefore,  useful  in  planning 
experiments  in  model  combustors  and  in  interpreting  the  results. 

Work  has  also  been  carried  out  to  improve  the  design  and  performance  of  fuelling  systems  for  gas  turbines  |8),  especially  where  there  is 
a  need  to  supply  liquid  fuel  as  a  fine  spray  to  enhance  combustion  efficiency,  and  to  characterise  the  atomising  devices  [9].  Testing  of  these 
fuelling  devices  in  simple  combustor  geometries  provides  information  about  their  performance  and  the  combustion  process  and  enhances 
understanding  of  results  from  more  complex  arrangements. 

Oscillations  of  large  amplitude  associated  with  rough  combustion  and  .'ominated  by  acoustic  frequencies  between  50  and  500  Hz  occur 
in  ducted  combustors  such  as  gas  turbine  augmentors  and  can  limit  the  range  of  operation  of  the  combustor.  The  importance  of  flame 
confinement  and  the  distribution  of  heat  release  to  these  oscillations  has  been  examined  in  premixed  and  partially  premixed  flows  of  relevance 
to  augmentors  [10, 1 1].  Recent  research  has  also  shown  that  such  oscillations  can  be  actively  control  led  by  the  oscillation  ol  the  How  rete  ot  part 
of  the  tuel  [12,  13).  The  emphasis  of  the  work  on  combustion  oscillations  and  their  control  has,  mainly,  been  on  gaseous  fuel,  and  there  is  a 
need  to  extend  this  work  to  liquid  fuel  systems,  since  practical  combustors  use  liquid  fuel  and  the  large  oscillatory  inputs  necessary  to  achieve 
control  at  large  heat  release  rates  may  be  provided  by  the  periodic  Injection  ol  liquid  luel.  Control  by  the  oscillation  of  liquid  fuel  involves  time 
delay  due  to  the  evaporation  of  fuel  besides  that  due  to  chemical  reaction,  which  Is  small  except  for  the  conversion  of  CO  to  C02.  end  the 
droplet  sizes  generated  by  commercially  available  unsteady-flow  injectors  is  larger  than  that  in  continuous  injection  and  low  frequency 
arrangements.  Advance  knowledge  of  the  characteristics  of  the  fuel  spray  and  the  effect  ot  periodic  injection  of  liquid  fuel  on  the  combustion 
process  is  therefore  important  to  the  design  of  control  systems. 

The  present  study  concerns  ducted  kerosene  spray  flames  stabilised  behind  a  disk  in  a  round  duct  and  was  carried  out  in  live  phases 
The  first  comprised  detailed  measurements  in  premixed  methane-air  llamas  stabilised  behind  a  round  disk  and  behind  a  disk  with  radial  spokes 
(14)  and  a  three-dimensional  blutf-body  [15]  and  in  swirl  stabilised  Hows  without  a  bluff-body  so  as  to  establish  the  minimum  duct  length 
necessary  to  ensure  complete  combustion  in  flows  without  and  with  oscillations  The  next  ptiase  comprised  measurements  in  methane-air 
(lames  to  which  an  atomised  spray  of  kerosene  with  known  droplet  characteristics  [9]  was  added  in  the  direction  ol  the  main  How  and  behind  the 
flame-holder.  The  kerosene  was  injected  against  the  main  flow  at  an  anvil  located  upstream  of  the  tlame  holder  in  the  third  with  upstream 
temperature  as  a  variable,  and,  in  the  fourth,  in  the  downstream  direction  through  a  hole  at  the  centre  ot  the  flame-holding  disk,  in  the  final 
phase,  kerosene  was  injected  periodically  using  a  commercially  available  pintle-type  gasoline  injector  located  at  the  duct  wall  and  in  the  plane  ol 
the  flame-holder  with  frequency  of  injection  as  variable  and  to  control  oscillations  of  large  amplitude  in  rough  combustion. 

The  measurements  included  tree-field  sound  level  and  wall  static  pressure  fluctuations,  mean  and  rm$  values  ot  temperatures  at  the  duct 
exit  and  radial  and  longitudinal  profiles  ol  species  concentration,  with  the  downstream  duct  length,  (low  rate,  overall  equivalence  ratio  and  the 
proportion  of  liquid  to  gaseous  fuel  as  the  main  variables  The  droplet  charac'eristics  of  the  pintle  injector  were  also  measured  using  a  laser 
diffraction  technique. 

The  next  section  contains  a  description  of  the  flow  and  fuelling  arrangements  and  the  experimental  method  The  results  are  presented 
separately  lor  each  fuelling  arrangement  in  the  third,  and  the  final  section  discusses  the  results  and  their  implications 


2.  FLOW  AND  FUELLING  ARRANGEMENTS  AND  EXPERIMENTAL  METHOD 

The  flow  geometries  and  fuelling  arrangements  are  shown  In  Fig  1  and  the  important  dimensions  and  ranges  of  flow  conditions  in  Table 
1.  In  the  flow  arrangement  ot  Fig  is,  natural  gas  (94  %  methane)  end  sir  were  premixed  in  a  swirl  register  and  flowed  pact  a  flow -straightening 
honeycomb  and  a  flame  arrestor  screen  before  combustion  In  the  stainless  steel  dud  section  downstream  ol  the  blutf-body  flame-holder  In  the 
arrangement  ot  Fig  1  b,  the  flame  was  stabilised  by  adding  swirl  to  the  How  and  without  s  bluff-body  The  unswiried  pari  of  the  air  was  added  at 
the  swirl  register  with  Its  swirl  removed  before  mixing  with  swirf  sir  and  natural  gas  injected  tangentially  further  downstream  The  geometric  swirt 
number  was  oeiined  by  the  formula 


Sw  =  (m,  U(  r*  ♦  n^,  g  U#i2  rg)  /  ((m,  +  m#  2+  ma  , )  U  D) 

where  mt,  mg  2,  end  mg1  respectively,  are  the  mast  How  rates  ot  the  fuel,  swirl  sir  and  unswirled  air.  U,  end  Ua  2  ere  the  mean  injection 
velocities  of  fuel  and  swirl  air  at  a  distance  of  rg  from  the  axis  of  the  dud  of  diameter  D,  and  U  is  Ihe  bulk  maan  axial  velocity  of  the  downstream 
flow  in  the  absence  ot  combustion  The  swirl  number  was  varied  by  changing  the  proportion  ot  the  twirl  to  total  ax 


Figure  1 :  Flow  arrangements 

a)  premixed  methane-air  flame;  b)  swirl  stabilised  Hams;  c)  methane-air  flame  with  forward  Injection  of  kerosene;  d)  methane-air  flame 
with  backward  injection  of  kerosene;  e)  preheated  methane-air  flame  with  backward  Injection  of  kerosene;  f)  methane-air  flame  with 
injection  of  kerosene  through  disk;  g)  methane-air  llsme  with  pulsed  injection  of  kerosene. 

AT  atomiser.  FA  flame  arrestor  screen,  FH  llama  holder,  FI  fuel  injector,  FS  flow  stralghiener,  SR  swirl  register,  UA  upstream  anvil. 


TABLE  1 

Important  Dimensions  and  Flow  Condltlona 


Mow  arrangement 

D/mm 

d/mm 

X/D 

L/D 

U/fms"1) 

Re 

heat  release/kW 

Fig  ta 
disk 

disk  with  spokes 
3-D  bluM  body 

50 

50 

50 

25,  35 
25 

25 

18 

18 

18 

5-11 

8  5,  10.5 
8.5,  10.5 

10-15 

10 

10 

33-50  000 
33  000 

33  000 

35-130 

35-75 

35-75 

Fig  1b 

50 

18 

8.5,  10.5 

10 

30  -  50  000 

40-70 

Fig  1c 

50 

25 

18 

8.5,  10.5 

8-15 

25  -  50  000 

35  •  75 

Fig  Id 

50 

25 

18 

8  5,  10.5 

10 

33  000 

35-75 

Fig  le 

50 

25 

32 

8.5,  10.5 

8-  !5 

33  000 

35-76 

Fig  11 

50 

25 

18 

8  5,  10.5 

8-15 

33  000 

35-75 

Fig  Ig 

50 

25 

18 

8.5,  10.5 

8-15 

33  000 

35-75 

The  flow  arrangements  of  Figs  1c,  J,  f  and  g  are  similar  to  that  of  Fig.  la  but  with  provision  to  add  liquid  kerosene  fuel  as  a  spray.  The 
atomiser  was  similar  to  that  of  Ref  (9)  and  comprised  a  stainless  steel  hypodermic  tube  ot  internal  diameter  2  mm  carrying  kerosene  which 
entered  the  preheated  atomising  air  stream  at  around  250  °C  in  an  outer  duct  of  diameter  5  mm  radially  through  six  holes  ot  diameter  0.5  mm 
located  40  mm  from  the  exit  ol  the  outer  duct  In  the  arrangement  ol  Fig  ig,  kerosene  was  injected  through  a  pintle  type  injector  (Keihin, 
I0450-PQ7-0031)  which  could  pulse  the  fuel  injection  with  frequency  between  0  and  200  Hz.  The  flow  arrangement  of  Fig.  id  was  modified  as 
in  Fig.  1e  to  enable  preheating  of  the  main  air  supply  to  the  combustor  duel,  and  natural  gas  was  added  radially  through  four  equally  spaced 
coplanar  holes  of  diameter  3  mm  on  the  dud  wall  Uniformity  of  mixing  of  the  gaseous  fuel  and  air  was  ensured  by  locating  a  pair  of  viire-mesh 
screens  downstream  ot  the  point  ot  addition  of  tuet. 

Since  the  Mow  conditions  in  the  atomiser  tor  the  flow  arrangements  ol  Figs  ic,  d  and  f  were  similar  to  those  of  Ref,  [9],  the  droplet 
charaderistics  were  assumed  to  be  the  same  as  those  measured  earlier  The  characteristics  of  the  spray  from  the  pintle  injector  have  been 
quantified  for  petrol  by  Hardalupes  at  al.  [16]  using  phase- Doppler  vefocimetry  and  those  for  kerosene  were  measured  with  a  laser  diffraction 
instrument  (Malvern  Instruments,  2600c)  All  fluid  Mow  rates  were  measured  using  calibra*ed  float-type  flow  meters  except  In  the  arrangement  of 
Fg  le  where  the  flow  rate  of  the  unhealed  air  was  measured  jslng  a  standard  orifice  plate  A  water-cooled  sampling  probe  with  inner  and  outer 
diameters  ot  0.5  and  5  mm,  uspectively,  was  used  to  collect  gas  samples  which  were  analysed  in-line  to  give  the  concentration  of  unbumt 
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Figure  2:  Instrumentation  layout 


hydrocarbon  (Analysis  AutnrrVtoP  .Series  520.  FID  Analyser)  on  a  wet  basis  and  I  how  of  carbon  monoxide  (Analysis  Development  Co.,  336- 
4026),  carbon  dioxide  (Analysis  'Teveiopment  Co.  463-4U27)  and  oxygen  (Beckman,  model  £2)  on  a  dry  basis  (see  Rg.  2).  Temperature 
msasurements  were  chief,  m  u>isg  platinum,  13N  vodlum-plstinum  fine-wire  thermocouples  ot  wire  diameter  50  pm  and  80  pm  supported  on 
5uO  nm  wires  of  the  same  matunal  with  a  separathn  10  mm  between  them.  Tho  temperature  signal  was  preamplitied  using  a  custom-built 
amplifier  and  digitiser.  ,Dam  Translation,  A/D  board  OT2624  PCI.)  before  the  evaluation  ot  the  mean  and  the  rms  values  of  the  temperature  end 
the  power  spectra  by  a  microcomputer  (T widen,  TM7104)  using  a  mean  voiue  lor  the  time  constant  t  tor  the  thermocouple  given  by 

t  *  (fv,  Up.*  d*2 / 4  kg)  (0  24  4  0.56  Re0-45)1* 

where  .,w.  CpW  and  dw,  respectively,  are  the  density,  specitic  heat  and  diameter  ot  the  thermocouple  wire,  kg  is  the  thermal  conductivity  ot  the 
gas  and  Ru^  the  Reynolds  number  based  on  the  wire  diameter  and  the  local  mean  gas  velocity  nod  kinematic  viscosity.  The  time  constant  was 
assumed  to  be  invariant  with  fluctuation  in  temperate, e  in  the  flame  and.  following  Ref.  [17).  taken  to  be  0  76  times  that  based  on  the  properties 
ot  air  at  the  same  mean  temperature  and  an  estimated  value  ot  mean  velocity 

Transition  to  rough  ccr.ibustion  was  readily  identified  by  an  increase  in  fipe-lield  sound  level  (Bruei  and  Kjaer  microphone  4134  with 
meter  type  2215),  measured  1  m  away  from  the  duct  axis  in  the  exit  plane,  by  around  to  dB  for  an  increase  in  equivalence  ratio  ot  as  little  as  0  02 
Wall  static  pressure  measurements  (Kistler  pressure  transducer  6121  with  charge  amplifier  50071  were  used  to  identity  the  dominant  acoustic 
flaquoncy  mode  Oscillations  ot  large  amplitude  in  the  arrangements  ot  Figs  la,  c.  d.  t  and  g  were  associated  with  an  acoustic  quarter  wave  in 
the  duct  length  upstream  ot  the  tiame-hoider  and  the  amplitude  ot  oscillation  was  quantified  on  w*  basis  ot  rms  pressure  at  the  antinooe  at  the 
upstream  end  ot  the  duct  Oscillations  ware  dominated  by  either  a  hatl-wavo  or  a  tun-wave  in  the  upstream  duct  in  the  arrwigemetit  ot  Fig  1e  and 
the  pressure  transducer  was  located  at  the  antinode  midway  between  the  flame  !  ,4der  and  at  the  upetreem  end  for  the  halt-wave  frequency  and 
a  quarter  ol  tlie  duct  length  upstream  ot  the  disk  for  the  tull-wavs  The  output  Irom  the  charge  amplifier  was  processed  using  an  FFT  spectrum 
analyser  (Spectral  Dynamics  340)  to  give  the  power  spectrum  and  the  rmt,  value  ol  the  fluctuation  in  pressure 


3.  RESULTS 

Preliminary  measurements  were  carried  out  in  the  methane-air  premixed  Hemes  behind  a  disk  ot  area  blockage  ratio  0  25  with  the 
downstream  duct  length  (L)  varied  between  5  and  11  D  Inspection  ol  the  wall  temperature  distribution  showed  that  the  point  a*  which  the  flame 
made  contact  with  the  wal  decreased  Irom  around  7  D  for  an  equivalence  ratio  of  C  b  and  an  upstream  mean  flow  rale  ot  1C  m/s  to  around  5  D  at 
an  equivalence  ratlc  ot  0  73  Larger  equivalence  ratios  led  to  rough  combut'ion  dominated  by  a  frequency  of  around  95  Hz  associated  with  a 
standing  acoustic  quarter-wsva  in  the  jpetream  duct  Although  rough  combustion  was  observed  in  duds  longer  then  5  D  the  amplitude  ot 
oscillation*  was  amal!  in  ducts  shorter  than  7  5  D  due  to  incomplete  combustion  A  duct  length  of  8  5  D  tod  to  an  entinodal  rms  pressure  ot 
•round  2  5  kPa  and  10  5  D  to  3  5  kPa  at  an  equivalence  ratio  ot  0  9  corresponding  to  a  neat  release  rate  ol  60  kW  Duct*  longer  Irian  10  5.D  did 
,x»i  give  nee  to  larger  amplitudes 

The  amplitude  did  not  change  when  the  area  blockage  ratio  of  the  disk  was  increased  to  0  5.  and  an  increase  m  the  mean  flow  rate  from 
10  to  15  m/a  with  a  duct  length  ot  8  5  D  led  to  amplitudes  of  around  3  5  kPa  tor  a  disk  of  area  blockage  ratio  0  25  oue  to  the  50  %  increase  m  heat 
release  rate  The  larger  mean  flow  rale  also  teeulted  in  a  narrower  stability  rang*  ot  0  6  to  1  2  compared  with  0  55  to  1  45  tor  the  am  ate-  flow  rale 
The  larger  disk  of  area  blockage  ratio  C.5  and  an  upstream  flow  rate  ot  15  m/a  led  to  a  narrower  angfa  ol  flame  spiked  and  rough  combustion  was 
oberved  nnly  in  ducts  longer  then  8  5  D  Extensive  measurements  m  dis*  stabilised  flames  were  carried  out  with  a  disk  cl  area  blockage  ret  o 
0.25  faceted  centrally  in  the  duct  to  1  tolerance  of  within  0  26  mm  and  en  upetreem  How  rate  of  10  m/s  m  view  ol  the  wide  range  ot  equivalence 
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ratio*  at  which  llama  slat  ideation  waa  possible  In  amooth  and  In  rough  combustion  Tit*  araa  blockage  ratio  waa  Inoraaaud  to  0.35  In  the  How 
arrangement  ot  Rg.  11  to  rocommodato  a  fuelling  hole  lor  atomiaad  keroeone.  Rough  combustion  in  lha  How  lumgements  ot  Rg*  l  iv  c.  d,  t  and 
g  waa  dcmratad  by  a  quarter-wav*  frequency  ol  around  95  Hz  In  the  upetraam  duct  length  attd  In  tha  How  arrangement  ot  Fly.  la  by  a  hall-wave 
frequency  ol  around  130  Hz  which  gave  way  to  a  tun-wave  frequency  ol  around  240  Hi  at  equivalence ;  alloc  close  to  0.9 

All  tlow  arrangamants  except  that  of  Fig.  tg  lad  to  axiaymmetric  tlowe  and  axil  prolllee  of  mean  and  rms  temperature  were  eymmetrlc  to 
within  2  %  end  repcwabie  to  within  1  %  In  the  mean  and  5  In  tha  rma,  and  radial  prohlea  ot  unburrit  hydrocarbon  t'UKC)  measured  between  the 
axil  and  4  duct  diameters  (D)  upetraam  ol  the  exit  ware  symmetric  to  within  2  %  ot  the  overall  mean  hydrocarbon  oompoeilion  In  tha  upatream 
duct  end  repeat  rile  to  within  2  %.  Tha  combuetor  duct  waa  not  inaulated  and  this  lad  to  hanl  loses*  ;rom  tha  waN  estimated  at  batween  i  .5  and 

3.5  kW  lor  haat  ralaaaa  rataa  of  around  80  kW.  Tha  affect  ol  thla  ha  at  loas  on  reaction  progress  nap  small  since  tha  Kama  spread  from  the  centra 
ol  tha  duct  towards  tha  wall.  Tie  haat  tosses  Implied,  however,  that  the  temperature  measurements  ctose  to  tne  wall  ware  not  a  measure  ot 
reaction  progress.  Carbon  monoxldo  level*  were  low  and  'ess  than  0. 1  %  at  the  duct  exit  at  equivalence  ratios  less  than  unity  and  UHC  values 
wore  used  to  quantity  reaction  progress  (Tha  hydrocarbon  content  ot  the  unreacted  lual-alr  mixture  wee  around  6  %  at  an  equivalence  ratio  o' 
0.6  and  wound  10  %  at  etctehiomwtrv).  Measurements  ot  CQj  end  O2  were  carried  out  tv  valiants  Hie  UHC  measurements  where  necneeary. 

Tha  results  in  the  paragraphs  that  follow  are  for  an  upstream  butk-mean  flow  rata  ol  1C  m/n,  unless  otherwise  stated.  Detailed 
measurements  of  UHC  are  presented  lor  equivalence  ratios  mainly  between  0.6  and  1.0  corresponding  to  heat  release  rates  ut  around  40  and 

65  kW 

Methane-air  flames 

Complete  combustion  ol  the  fuel  is  not  possible  at  tuel-to-air  ratlcs  greater  than  stoichiometric,  and  detailed  measurements  in  the  (low 
arrangement  ol  Fig.  la  were  for  equivalence  ratios  less  than  unity  and  downstream  cfjct  lengths  ot  8.5  and  10.5  D,  to  examine  the  importance  ol 
duct  length  to  complete  combustion  and  to  the  amplitude  of  oscillations  in  rough  comlHistion.  The  UHC  values  Increased  with  distance  from  the 
duct  axis  and  little  UHC  was  detected  at  the  centre  ot  the  dud  in  emoolh  combustion  Tigs  3a  end  b  show  near-wall  and  centre-line  values  ot 
UHC  in  the  exit  plane  for  the  two  duct  lengths  with  equivalence  ratio  ns  variable.  An  Increase  in  equivalence  ratio  from  the  lean  limit  to  a  value  of 
around  0.7  reeuHed  in  a  decrease  in  UHC  at  the  exit  to  zero,  end  a  further  increase  to  0.75  led  to  rough  combustion.  Although  the  agitation  ot 
the  How  due  to  rough  combustion  led  to  a  taster  reaction  rate  dose  to  the  Oisk.  the  oscillation  ot  the  mean  llo'.v  resulted  in  the  presence  ol  UHC 
at  the  axil  in  the  shorter  duct.  An  increase  in  the  equivalence  ratio  to  0  9  or  In  the  duct  length  to  10  6  D  resvlec  in  larger  amplitudes  ot 
oscillation,  more  vigorous  reaction  and  nearly  complete  combustion.  Tho  radial  profiles  ot  UHC  at  the  exit  ot  the  snorter  duct  and  at  a  distance  ot 

8.5  D  Irom  the  disk  in  the  longer  in  Rg.  3b  for  two  values  of  equivalence  ratio  in  smooth  combustion  and  two  ir.  rough  combustion  show  that  the 
increase  In  duct  length  1a  beneficial  to  reaction  progress  and  that  the  reaction  reaches  completion  over  a  smaller  axial  distance  then  in  the  shorter 
duct 


The  mean  and  rms  temperature  profiles  in  the  exit  plane  tor  the  two  duct  lengths  at  an  equivalence  ratio  of  0.7  associated  with  smooth 
combustion  and  a  value  ol  0.8  and  rough  combustion,  Rg.  4a,  show  that  temperature  fluctuations  occurred  only  .n  rough  combustion  and  close 
to  the  wall  and  did  not  increase  with  the  antinod al  rms  pressure.  The  dominant  frequency  In  the  temperature  power  spectra  In  rough  combustion 
(Fig  4b)  is  the  acoustic  quarter-wave  frequency  end  the  large  values  ot  rms  temperature  ctose  to  the  wall  are  due  to  the  cyclic  variation  in  reaction 
progress  caused  by  the  osdlation  ot  the  mean  flow 

The  ampIHude  of  oscillations  in  rough  combustion  depends  on  the  distribution  ot  heat  release  dose  to  the  acoustic  node  at  the  Itame- 
holder,  and  ■  reduction  in  the  intensity  ot  heat  reieuse  could  enable  complete  combustion  without  oscillations  ot  'argo  magnitude  but  will  require 
an  increase  to  duct  length.  Measurements  were  carried  out  with  two  txuH-body  flame  holders  which  are  known  to  be  less  susceptible  to  rough 
combustion  than  a  disk  and  in  the  How  arrangement  of  Fig.  fb  where  the  Heme  was  stabilised  using  swirl.  The  three-dimensional  bluff-body  [15] 
was  less  susceptible  to  combustion  osculations  than  the  disk  in  ducts  shorter  than  7  D  and  the  dtek  with  racial  spokes  [14]  averted  transition  to 
rough  combustion  at  equivalence  ratio#  less  than  unity  in  dude  shorter  than  9  D.  The  antinodal  rrns  pressures  in  Rg.  5  show  that  an  increase  in 
duct  length  to  10.5  D  reeutte  in  rough  combustion  m  llemee  behind  all  three  btuft  bodies  at  equivalence  ratios  greater  thin  0  73  but  not  in  flames 
sUMleed  by  swirl. 

The  assumption  ol  an  exit  velocity  profile  corresponding  to  fully  developed  turbulent  How  »no  UHC  end  mean  temperature  distributions 
as  in  Rye  3  and  4  xnpkea  that  a  putative  value  ot  1  %  for  the  near-well  UHC  (measured  2  5  mm  from  the  wall)  in  smooth  combustion  with  an 
tquivaienoe  ratio  ot  0.7  will  correspond  to  4  %  of  tha  total  fuel  being  un burnt,  end  3  %  tor  rough  rambuutwi  and  an  equivalence  ratio  of  0  8 
Figure  6  (hows  the  variation  ot  near-wall  and  centre-line  values  ot  UHC  with  axial  distance  over  a  distance  ot  4  D  from  the  exit  ot  e  dud  ot  length 
8  5  D  for  two  vetoes  ol  equivalence  ratio  The  UHC  distrtoution  tor  the  disk  wttb  radial  (poker  was  asymmetric  due  to  Ham*  snachment  to  the 
spokes  at  equivalence  ratios  greater  than  0.65.  and  near -wall  value*  are  shown  in  the  plena  ot  re  spokes  end  batween  them  The  Ut-tC 
distribution*  point  to  *  4*#eoy  rate  ot  reaction  progress  In  smooth  combustion  and  Intents  readlon  dose  to  tho  Heme  holder  followed  by  slower 
reaction  progress  in  tough  combustion  so  that  dud  length  ot  8  5  D  is  sufficient  to  ensure  comptote  combustion  except  at  equivalence  ratios 
ctcse  to  the  lean  stability  and  flammability  limits  Reaction  progress  in  ksroeene  spray  times  «  me  paragraphs  that  lot  tow  will,  therefore,  be 
oompared  rnatnly  on  the  basw  ot  near  wait  vetoes  of  UHC  m  a  dud  of  length  8  5  D 


Figure  6.  Longitudinal  variation  of  UHC  values 

•)  flow  arrangement  of  Fig  la,  disk,  D  »  50  mrn,  d  =*  0  5  D.  X  «  18  D,  U  »  10  m/g,  o  •  near  wall  values;  a  •  centre;  b)  disk  with  radial 
spokes,  o  •  near  wal  values  in  the  line  of  a  spoke,  e  ■  between  spokes,  a  •  centre:  c)  (low  arrangement  of  Fig  1b.  D  »  50  mm.  X  * 
18  0.  Sw*  24,  o  ■  near  wall,  a  ■  centre 
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Forward  Injaetlon  of  atomoieed  koroaano  behind  dlak 

Liu  al  aJ  (9)  reported  datailad  measurements  ol  dropiat  size.  flux  and  vetodly  using  phaaa  Dopptar  vsiocimatry  for  an  afomiaar  similar  to 
that  usad  in  tha  flow  arrangamsnts  of  Figs  1c,  d,  a  and  g,  and  it  Is  sufficiont  for  peasant  purposes  to  nots  that  tha  Sautar  masn  dlamotar  of  tha 
dropiats  wts  around  60  pm  for  tha  atomising  air  flow  rata  of  1 .05  g/s  at  523  K  oorrasponding  to  a  moan  valoctty  of  around  1 10  m/s  and  flow  ratas 
of  karotans  lass  than  0  5  g/s.  Flams  stabilisation  rsqufred  gassous  fust  sines  tha  upstrsam  air  was  al  around  20  °C,  and  axparimants  with  flow 
ratas  of  tha  liquid  and  gassous  fuels  as  variables  showed  that  It  was  possible  to  stabilise  flames  with  kerosene  constituting  around  65  %  by  mass 
of  the  total  fu-ti  at  bulk  mean  flow  ratee  around  1 0  m/s  and  dose  to  the  lean  flammability  limit.  Tha  proportion  of  liquid  fuel  decreased  to  lass  than 
25  %  at  larger  flow  rates  and  equivalence  ratios.  Tha  maximum  flow  rats  of  liquid  fuel  that  oould  be  used  war  also  limited  by  the  tendency  of  tha 
fuel  to  drip  following  impingement  on  the  flame  holder  at  flow  rates  greater  than  0.5  g/s  corresponding  to  around  35  %  of  the  stoichiometric  mass 
of  kerosene  at  an  upstream  bulk  mean  flow  rate  of  10  m/s,  and  the  results  presented  In  this  paper  are  tor  kerosene  flow  rates  which  did  not  lead 
to  dripping. 

The  stoichiometric  fuel-to-air  ratios  are  different  for  kerosene  and  methane  and  the  results  that  follow  are  presented  on  the  basis  of  the 
equivalence  ratio  expressed  as  me  ratio  of  the  stoichiometric  air  necessary  to  bum  the  fuel  and  the  actual  air  supplied.  With  kerosene  injection 
downstream  of  the  flame-holder,  the  equivalence  ratio  of  the  methane-air  mixture  in  the  upstream  duct  was  more  useful  in  interpreting  the 
results.  The  mass  flow  rate  of  kerosene  is  expressed  in  non-dimensional  form  as  a  fraction  of  the  stoichiometric  mass  flow  rate  for  the  kerosene. 

Inspection  of  the  wall  temperature  distributions  In  the  flow  arrangement  of  Fig.  1c  without  and  with  liquid  fuel  suggested  that  the  flame 
was  making  contact  with  the  wall  at  a  shorter  distance  from  the  disk  than  in  the  arrangement  of  Fig.  la.  Near-wail  measurements  of  UHC  were 
made  In  smooth  combustion  at  a  distance  of  4  0  from  the  exit  of  the  duct  of  length  8.5  D,  without  and  with  unheated  atomising  air  and  in  the 
absence  of  liquid  luel  for  an  upstream  flow  rate  of  10  m/s  and  an  equivalence  ratio  of  0.7.  The  UHC  value  decreased  from  around  2.5  %  without 
atomising  air  to  around  1 .2  %  with  unheated  atomising  air  due  to  the  Impingement  of  the  atomising  air  on  the  flame-holder.  The  resulting 
increase  in  upstream  turbulence  did  not,  however,  lead  to  larger  amplitudes  of  oscillation.  Figure  7  sltows  the  flammability  limits  tor  the  flow 
arrangement  of  Fig.  1c  and  two  values  of  upstream  mean  liow  rate.  The  flow  distribution  past  the  flame-holder  was  altered  by  the  injection  ct 
atomising  air  so  that  the  flammability  and  stability  limits  were  different  from  those  for  the  premixed  methane-air  flame.  In  the  absence  of  liquid  fuel, 
the  lean  flammability  limit  for  an  upstream  bulk  mean  velocity  of  10  m/s  was  around  0.62  compared  with  0.55  for  the  premixed  flame  without  the 
a.omlsing  jet  due  to  the  dilution  of  the  fuel-air  mixture  close  to  the  disk  This  also  resulted  in  a  reduction  in  heat  release  close  to  the  disk  and  in 
smaller  amplitudes  of  oscillation.  The  richer  fuel-air  mixture  away  from  the  disk  end  the  larger  turbulence  intensity  led,  however,  to  taster  reaction 
progrese  further  downstream.  An  increase  in  the  air  flow  rate  to  15  m/s  led  to  an  increase  in  tuel  composition  closer  to  the  disk  and  to  larger 
amplitudes  cl  oscillation  comparable  with  those  In  premixed  flows  and  a  narrower  flammability  range  due  fo  the  uneven  distribution  of  fuel 
composition  in  the  vicinity  of  the  flame-holder. 


The  addition  of  a  small  amount  of  liquid  fuel  enabled  flame  stabilisation  at  a  smaller  equivalence  ratio  than  without  liquid  fuel  and  an 
increase  in  the  proportion  of  liquid  tuel  to  values  greater  than  20  %  ot  the  total  led  to  an  increase  in  the  lean  stability  limit  based  on  the  overall 
equivalence  ratio  due  to  most  of  the  kerosene  remaining  In  the  .  lukf  phase.  The  injection  of  liquid  fuel  resulted  in  a  decrease  in  the  amplitude 
of  oscillations  because  of  the  decrease  in  intensity  of  heat  release  dose  to  the  disk  caused  by  the  combustion  delay  due  to  the  evaporation  ot 
the  droplets  and,  to  a  smaller  extent,  by  some  of  the  heat  release  being  used  in  the  evaporation  of  the  droplets. 
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Figure  7  Lean  flammability  end  stability  limits  and  antinodal  rma  pressures 

Flow  arrangement  ol  Rg  1c,  D=  50mm.  d*0  5  D,  X  *  18D.  a)  U=  10m/s,  A  •  ny=0;  V-  rryAiygsOll.bjU-ISm/s,  A  -m^v- 
ny/ny  g»0  ,08 
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Measurements  of  UHC  within  the  duct  showed  that  a  length  o<  around  7.5  0  mm  adequate  to  eneure  complete  combustion  tor 
equivalence  ratios  between  0.6  and  1 ,0  and  In  the  absence  ol  combustion  oecHtatlons.  Rough  oombustion  led  to  near-wan  UHC  values  ot  order 
07  %  at  the  duct  exH  tor  the  duct  length  ol  8.S  0  In  Fig.  6.  and  an  Increase  In  duct  length  to  10.8  D  resulted  In  oomplete  combustion  as  in  the 
(low  arrangement  ol  Fig.  is  Figure  8  also  shows  that  the  UHC  valuee  measured  4.8  0  from  the  disk  decreased  with  equivalence  ratio  tor  the 
different  values  of  kerosene  flow  rate. 

The  Impingement  of  the  jet  ol  atomising  air  on  the  flame-holder  led  to  an  increase  m  upstream  turbulence  and  to  a  faster  rate  ol  reaction. 
It  also  led  to  an  uneven  distribution  of  fuel  does  to  the  flame  holder  and  flammability  and  stability  limits  different  from  those  tor  '.he  dlak-stabUieed 
flames  In  the  flow  arrangement  of  Rg.  la.  The  differences  In  the  reaction  progress  rates  without  and  with  Squid  fuel,  although  small,  were  due  to 
differences  In  the  ampkturie  of  oscillation,  and  UHC  measurements  In  the  flow  arrangements  ot  Figs,  id  and  e  with  a  more  homogenous 
distribution  of  fuel  and  air  are  likely  provide  more  condor Ive  evidence  on  the  Influence  of  atomieed  keroeene  on  reaction  progress. 


~>4.5  D  xbB.S  D 


Figure  8:  Longitudinal  variation  of  UHC  values 

Flow  arrangement  of  Fig.  1c,  D  =  50  mm,  d  =  0  5  0.  X  =  18  D,  U  ■  10  m/s  o  -  near  wall;  a  -  centre 
Backward  injection  of  kerosene 

The  amount  of  kerosene  that  could  be  Injected  In  the  flow  arrangement  of  Fig.  id  was,  again,  limited  by  the  tendency  of  the  liquid  fuel  to 
drip  from  the  anvil,  and  detailed  measurements  were  made  with  kerosene  flow  rater  less  than  0.3  g/e,  corresponding  to  around  20  %  of  the 
stoichiometric  mass  of  kerosene,  lor  whic'i  all  fuel  was  burned  within  the  duct.  Since  the  flammability  and  stability  limits  depend  on  the  vapour 
phase  of  the  fuel  composition  in  the  flow  past  the  disk,  the  flammability  and  stability  limits  of  Fig.  9  Increased  with  the  flow  rate  ot  kerosene  due  to 
kerosene  remaining  in  the  liquid  phase  and  the  amplitude  of  oecilfattons  In  rough  combustion  was  similar  to  that  in  the  flow  arrangement  of  Fig. 
la  Inspection  of  the  wall  temperature  Indicated  that  the  flame  made  contact  with  the  wall  at  a  shorter  distance  from  the  disk  than  in  the  methane- 
air  flame  in  the  flow  arrangement  ot  Fig  fa  and  the  values  of  UHC  at  the  centre  ol  the  duct  and  near  the  well  at  a  distance  ol  4.5  0  from  disk  (Fig. 
10)  were  lest  then  those  lor  the  methane  air  flame  for  an  upetream  flow  rate  of  10  m/s  and  •  duct  length  of  8.5  D  due  to  the  higher  turbulence 
intensity.  Although  the  values  of  UHC  at  this  location  increased  with  the  flow  rate  of  kerosene  due  to  the  evaporation  ot  the  droplets,  the  exit 
valuee  showed  smaller  differences. 

The  maximum  flow  rate  of  keroeene  was  increased  to  0.5  g/u  corresponding  to  35  %  of  the  stoichiometric  mass  of  kerosene  in  the  flow 
arrangement  of  Fig  is  with  the  upetream  air  preheated  to  150  °C,  The  higher  mean  temperature  of  the  upstream  flow  implied  a  faster  reaction 
rate  than  in  the  untreated  How  arrangement  ol  Fig.  Id,  and  the  upstream  mean  flow  rate  wan  15  m/s  compared  with  10  m/s  in  the  other  flow 
arrangements  in  order  that  the  range  ot  values  ot  the  mass  flow  and  heat  release  rates  were  the  same  for  all  flow  arrangements  Tire  lean 
flammability  and  stability  limits  in  Fig  1 1  are  nearly  the  same  as  those  for  the  premixed  flames  in  the  flow  arrangement  of  Fig  la  and  their  vuriaton 
with  keroeene  flow  rate  is  small  due  to  the  evaporation  of  a  larger  part  ot  the  kerosene  in  the  upstream  duct  Rough  combustion  dominated  by 
the  half-wave  frequency  gave  way  to  a  lull-wave  frequency  at  an  equivalence  ratio  ol  around  0  9  lor  all  How  rates  ol  kerosene  due  to  the  long 
upstream  duct  length  and  the  larger  mean  velocity  The  reaction  progressed  to  completion  over  a  shorter  distance  than  in  the  flows  with 


unpfehMttd  Hr  Am  to  the  higher  reaction  rata  at  the  higher  temperature:  the  UHC  value*  at  a  distance  of  8.5  D  from  the  dirt  (Rg.  12)  ve  similar 
to  those  at  a  dislanoo  ot  8.5  D  In  unheated  (Iowa  without  and  with  kerosene.  The  increase  In  UHC  with  the  mast  llow  rate  ol  kerosene  further 
upstream  at  a  distance  ot  4.5  D  from  the  disk  was,  as  In  the  unpreheated  flow  arrangement  ol  Rg.  td,  due  to  eomo  ot  the  keroeane  remaining  In 
the  liquid  phase  downstream  ot  the  flame-holder. 


equivalence  ratio 


Figure  9:  Lean  flammability  and  stability  limits  and  antlrtodal  rms  pressures 

Row  arrangement  of  Rg.  Id.  D*  50mm,  d»  0.50,  X-  180,  U  =  10m*.  a-rry^);  0  -  rrytry8=0.2. 


Figure  10:  UHC  values  within  the  duct  and  at  exit 

Row  arrangement  of  Rg.  Id,  D»50mm,d«0.5D,  X*18D.  U*10mfc.  o-ne»wa»;  a  •  centre. 
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Figure  1 1 :  Lean  flammability  and  stability  limits  and  antinodal  rms  pressures 

How  arrangement  of  Fig.  le,  D  »  50  mm,  d  =  0.5  D,  X  »  18  D,  U  =  15  m*.  o  •  mk=0;  ^  ■  ">^,*0.13;  V  -  mkfmk  8=027. 
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Figure  12:  UHC  values  within  the  duct  and  at  exit 

Flow  arrangement  of  Fig.  te.  D  ■  50  mm,  d  «  0  5  D,  X  ■  18  D,  U  ■  10  m/».  o  ■  near  wall;  4  -  centre 


Forward  Injection  of  kerosene  through  the  dlek 

In  the  flow  arrangement  of  Fig  If.  the  luel  was  injected  through  a  7  mm  hole  in  a  disk  of  diameter  30  mm  with  an  area  blockage  ol  around 
0.34  compared  with  0.25  in  the  other  fuelling  arrangornents  The  increase  In  diameter  was  necessary  to  ensure  flame  stabilisation  over  a  range 
of  equivalence  ratios  similar  to  that  for  the  disk  of  area  blockage  ratio  0.25.  The  diameter  of  the  central  hole  in  the  disk  was  larger  than  that  of  the 
atomiser  so  as  to  reduce  the  bulk  mean  velocity  of  the  atomising  mr  to  a  value  of  around  50  m/s  from  around  1 1 0  m/s  in  the  atomiser  The  smaller 
axial  velocity  was  more  compatible  with  the  mean  flow  rate  in  the  combustor  dud  (13  m/s  In  the  plane  of  the  flame-holder  and  around  50  m/s  at 
the  exit)  and  prolonged  the  residence  time  of  the  liquid  fuel  within  the  combustor  The  lean  tlammalility  limit  tor  the  flame  with  a  oentrai  jet  of  air 
was  higher  than  that  for  tho  disk  without  a  central  jet  of  air  Injection  of  kerosene  resulted  in  a  decrease  in  the  flammability  limit  due  to  the  fuel  rich 
air  flow  on  the  inside  of  the  annular  recirculation  zone  behind  the  disk,  and  flame  stabilisation  was  possible  without  gaseous  fuel  tor  kerosene 
flow  rates  greater  than  0  4  g/s,  corresponding  to  an  equivalence  ratio  ot  0  27.  due  to  the  establishment  of  a  diffusion  flame  a*  the  centre  of  the 
disk  by  the  kerosene  rich  atomising  |«t  The  lean  stability  limit  based  on  the  overall  equivalence  ratio  increased  with  liquid  fuel  (low  rate,  and  a 
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closer  examination  of  the  results  showed  that  the  atabilty  limits  based  on  the  equivalence  ratio  ol  the  premised  methane-air  flow  upstream  ot  the 
disk  in  Fig  13  tor  a  downstream  duct  length  ol  8.5  D  and  a  bulk  mean  How  rate  ol  to  m/s  on  a  non-reacting  basis  were  nearly  Invariant  witn  the 
how  rate  ol  kerosene.  The  figure  alto  shows  that  the  amplitude  cl  oscillations  depended  mainly  on  the  equivalence  ratio  ot  the  gaseous  tuel  air 
mixture  which  determined  the  intensity  ol  heat  release  close  to  the  disk  and  was  comparable  with  values  in  Figs.  4a  and  8  lor  methane-air  flames 
behind  a  disk  ol  area  blockage  ratio  0.25. 


Figure  13:  Lean  flammability  and  stability  limits  based  on  upstream  equivalence  ratio,  and  antinodal  rms  pressures 
Row  arrangement  ol  Fig,  II,  D  =  50  mm,  d  =  0.5  D,  X  =  18  0.  U*  15  m/s.  a  •  mk=0;  o  -  mk/mk8=0.2. 


Reaction  orogrees  in  Hows  with  a  central  jet  of  air  was  slower  than  in  premixed  flames  behind  a  disk  in  the  How  arrangement  ol  Fig  la,  and 
the  addition  ol  kerosene  enabled  complete  combustion  inside  a  duct  ol  length  8.5  D  lor  kerosene  How  rates  less  than  0.3  g/s  (corresponding  to 
0.2  ot  the  stoichiometric  mass)  and  smooth  combustion  Unbumt  hydrocarbon  was  evident  at  the  duct  exit  on  transition  to  rough  combustion, 
and  the  exit  profiles  of  Fig  14  show  that  an  increase  In  duct  length  to  10.5  D  resulted  in  complete  combustion  Larger  flow  rates  of  kerosene 
comprising  more  than  30  %  ot  the  total  fuel  led  to  soot  formation  and  bright  yellow  lla^vas  because  ol  the  large  luel-to-air  ratio  in  the  central  jet 
and  the  short  residence  time  of  the  kerosene  leading  to  inccimplele  combustion  at  the  centre  of  the  duct 
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Figure  14:  UHC  prc/filee  at  exit 

Flow  arrangement  c4  Fig  if.  D  «  00  mm.  d  *  0  5  D,  X  *  18  D,  U  «  10  m/s  o  -  upstream  equivalence  ratio  *  0  7;  a  -0  8 


Oscillatory  Injection  of  kerosene 


The  Sauter  mean  diameter  of  the  kerosene  droplets  from  the  pintle  Injector  were  measured  by  laser  diffraction  method  to  be  around  140 
jtm  and  tha  mean  velocity  of  the  spray  around  10  m/s  in  still  air  The  laser  diffraction  method,  unlike  phase  Doppler  vetodmetry.  underestimates 
the  diameter  by  around  30  %  (I8j  and  the  cetual  Sauter  mean  diameter  of  the  droplets  is  likely  to  be  around  2 00  pm  compared  with  around  ISO 
pm  for  patrol  (16.  19).  Tha  injector  was  located  in  the  plane  of  the  disk  and  the  kerosene  Injected  towards  the  centra  of  the  duct  at  an  angle  of 
45  0  to  the  axle  to  direct  the  fuel  into  the  burning  zone  dose  to  the  disk. 

The  Influence  of  the  frequency  of  injeciiun  and  the  equivalence  'alio  of  the  upstream  fuel-air  mixture  were  examined  with  downstream 
duct  lengths  of  6.5  and  10.5  D.  The  mean  Injection  rate  of  kerosene,  maintained  at  the  possible  minimum  that  will  permit  atomisation,  varied 
linearly  with  frequency  from  0. 1  g/S  at  50  Hz  to  0.3  g/s  at  150  Hz.  An  increase  in  the  Injection  rate  at  a  given  frequency  did  not  result  In  an 
increase  in  amplitude  of  combustion  oscillation;  due  to  the  alow  evaporation  nt  the  fuel  The  oscll  ation  of  fuel  led  to  pressure  fluctuations  of 
large  amplitude  at  equivalence  ratios  associated  with  smooth  combustion  only  when  the  fordng  frequency  was  close  to  the  quarter-wave 
frequency  the  entire  duct  length.  Amplitudes  of  up  to  1 .5  kPa  at  a  frequency  of  63  Hz  were  observed  with  a  downstream  duct  length  of  8.5  D 
and  upstream  equivalence  ratios  between  0.7  and  0.73.  The  amplitude  ol  oscillations  increased  to  around  1.8  kPa  at  a  frequency  of  61  Hz  when 
the  duct  length  was  increased  to  10.5  D.  Oscillations  dominated  by  the  quarter-wave  frequency  of  95  Hz  In  the  upstream  duct  with  amplitudes 
greater  than  2  kPa  were  observed  in  rough  combustion  at  upstream  equivalence  ratios  greater  than  0.74.  Figure  15  shows  the  variation  of  the 
rms  pressure  dose  <o  the  upstream  end  of  the  combustor  for  a  duct  length  ot  8.5  D.  an  upstream  flow  rate  of  10  m/s  and  two  values  of  upstream 
equivalence  ratio  in  the  flow  arrangement  of  Pig  1g  with  frequency  ol  oscillation  of  fuel  as  variable. 


Figure  15:  variation  ot  rms  pressure  with  frequency 

Row  arrangement  of  Fg.  ig,  D  *  50  mm,  d  =  0.5  D.  X  *  180,  U  a  15  m/8.  A  -  upstream  equivalence  ratio  =  0.7;  o  -0.71. 

Combustion  was  incomplete  because  of  the  uneven  distribution  of  fuel  due  to  a  large  part  of  ihe  luel  spray  crossing  the  recirculation 
zone  behind  the  disk.  Part  of  the  flame  was  yellow  at  the  exit  and  there  was  evidence  of  soot  formation.  Figure  16  shows  the  exit  profiles  of 
UHC  end  CO  for  a  duct  length  of  8.5  0  and  two  values  of  equivalence  ratio,  one  associated  with  a  small  amplitude  of  oscillation  and  the  other  with 
an  antinodal  rms  pressure  of  around  1.3  kPa.  The  values  ot  UHC  tnd  CO  on  the  side  of  the  wall  opposite  the  point  of  injection  ot  fuel  are  large 
due  to  the  large  concentration  of  kerosene  in  that  part  of  the  flow.  Further  away,  the  values  of  CO  are  smaller  and  the  UHC  values  comparable 
with  those  for  the  premlxad  How  arrangement  ol  Fig  la  An  increase  in  duct  length  to  10.5  D  did  not  resull  In  a  significant  reduction  In  the  large 
values  of  UHC  resulting  from  an  excess  of  fuel  in  one  part  of  the  flow 

Oscillations  in  rough  combustion  were  ameliorated  with  a  dosed-loop  control  arrangement  [13]  by  pulsing  the  fuel  st  the  dominant 
quarter-wave  frequency  of  95  Hz  in  the  upstream  di’ct  and  out  of  phase  with  it.  The  characteristics  o'  the  Injector  determined  that  Hie  mean 
injection  rate  of  kerosene  was  around  13  %  of  the  total  fuel  and  the  oscillatory  input  was,  therefore,  not  varied.  Control  was  applied  to  osdHations 
with  antinodal  rms  pressure  of  up  to  2  kPa  in  a  dud  of  length  8  5  D  to  avert  damage  to  the  injedor  nozzle  due  to  the  heating  of  the  wall  by  the 
osdllatlon  ot  the  flame  front  shout  the  plane  of  the  disk  at  larger  amplitudes  of  oscillation,  and  the  rms  pressure  was  attenuated  by  around  to  dB 
(a  t actor  ol  3)  as  in  activa  control  by  the  osdllaticn  ot  gaseous  fuel  at  a  constant  amplitude  [13].  Reaction  progress  was  not  affected  by  control 
since  incomplete  combustion  was  due  the  uneven  distribution  ot  fuel. 


4.  DISCUSSION 

The  most  important  result  of  the  present  study  is  that  pulsed  injection  ol  liquid  fuel  can  induce  oscillations  of  large  amplitude  at 
equivalence  ratios  usually  associated  with  smooth  combustion  and  control  oscillations  ot  large  amplitude  in  rough  combustion.  Pulsed  injection 
ol  kerosene  comprising  around  10  %  ot  the  total  fuel  induced  amplitudes  similar  to  thore  induced  by  the  oeclllstion  ot  gaseous  fuel  comprising 
around  15  %  of  the  total  tual  behind  tha  tiame-holding  disk  in  a  duct  ol  diameter  50  mm  [20).  Theee  amplitudes  were  possible  despite  the 
burning  of  a  large  traction  ot  tlie  pulsed  kerosene  tar  downstream  of  the  disk.  The  minimum  value  of  the  mean  injection  rate  of  kerosene  at  the 
dominant  frequency  determined  that  control  was  imposed  with  an  oscillatory  input  of  constant  amplitude,  and  the  attenuation  ot  the  antinodal 
rms  pressure  by  10  dB  (a  (actor  ut  3)  was  the  same  as  that  reported  by  Hendricks  et  al  [i  3)  tor  control  by  the  oscillation  ot  gaseous  luel  at 
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Figure  16:  U.iC  and  CO  profiles  at  exit 

Flow  arrangement  of  Fig.  ig,  D  *  50  mm,  d  =  0.5  D,  X  =  18  D.  U  =  10  m/s,  mk  /rrys=  0.1. 
a)  upstream  equivalence  ratio  ■  0.67;  b)  upstream  equivalence  ratio  ■  071 ;  o  -  UHC;  a  -CO 

constant  amplitude  but  5  dB  (a  factor  of  1.7)  less  than  that  with  a  variable  amplitude.  The  amplitude  of  the  pulsed  input  can.  however,  be  varied 
at  larger  heat  release  rates  since  the  minimum  value  of  the  injection  rate  will  be  a  smaller  fraction  of  the  total  fuel.  Preheating  of  the  fuel,  improved 
atomisation  and  optimisation  of  the  direction  and  location  of  fuel  injection  will  enable  the  burning  ot  the  oscillated  fuel  close  to  the  flame-holder 
and  increase  the  effectiveness  of  the  oscillatory  input  so  that  the  amount  of  fuel  that  needs  to  be  pulsed  will  be  a  very  small  traction  of  the  total, 
and  active  control  will  still  need  to  address  the  problem  of  modulating  the  oscillation  of  fuel,  especially  at  heat  release  rates  less  than  1  MW 

i 

The  duct  length  necessary  to  ensure  complete  combustion  decreases  with  the  overall  equivalence  ratio  of  the  fuel-air  mixture  and  is 
nearly  independent  of  the  proportion  of  kerosene  to  methane  in  the  vapour  phase.  An  increase  in  the  turbulence  intensity  upstream  ol  the 
tlame  holder  can  lead  to  faster  reaction  rates,  for  example,  complete  combustion  was  possible  over  an  axial  distance  of  7  D  in  smooth  combustion 
lor  an  equivalence  ratio  of  0.8  and  a  mean  flow  rate  of  10  m/s  in  swirl  stabilsed  flames  and  flames  behind  a  disk  with  radial  spokes  and  the  higher 
turbulence  intensity  in  the  (low  arrangement  of  Fig.  1c  reduced  this  distance  to  around  4.5  D  the  reaction  rate  also  increases  with  upstream 
temperature  in  accordance  with  the  expression  for  combustion  efficiency  in  stirred  reactors  j<:lj:  ( 

q-fjp1 -^®Vcexp  (T/b)/m) 

where  p  and  T  are  the  pressure  and  temperature  at  the  burner  inlet.  Vc  is  the  burner  volume,  m  is  the  mass  flow  rate  and  b  is  a  parameter 

representing  temperature  dependence  and  taken  as  300  for  temperature  expressed  in  Kelvin.  This  imp'ies  that,  for  a  given  mass  flow  rate,  the 

duct  length  required  for  complete  combustion  with  an  upstream  temperature  of  150  °C  as  in  the  flow  arrangement  ol  Fig  1e  will  be  30  %  less  ( 

than  that  for  a  temperature  of  30  °C  in  the  flow  arrangement  of  Fig.  id.  The  axial  distances  necessary  for  the  completion  of  combustion  in  the 

absence  of  liquid  fuel  were  in  good  agreement  with  this  estimate  Flows  with  liquid  fuel  shewed  similar  trends  although  quantitative  comparison 

is  hampered  by  the  presence  of  different  proportions  of  the  fuel  in  liquid  phase 

Heat  release  distribution  close  to  the  flame  holder  can  be  Altered,  for  instance  by  the  addition  of  swirl  [22],  and  an  increase  in  the  intensity 
of  heat  release  leads  to  larger  amplitudes  and  a  decrease  to  smaller  amplitudes  ar.d  less  susceptibility  to  rough  combustion.  The  present  I 

measurements  havs  confirmed  the  importance  of  the  intensity  ol  heat  release  dose  to  the  (lame  holder  to  rough  combustion  and  that  of  tlame 
confinement  tc  the  amplitude.  The  reaaon  why  certain  flame  holder  designs  are  less  (susceptible  to  rough  combustion  than  others  cannot, 
however,  be  explained  tully  on  the  basis  ol  the  present  results  and  detailed  measurements  ot  the  mean  and  osdliating  temperature  and  velocity 
in  the  near  'ield  ot  the  flame  holders  are  necessary 

The  flammability  and  stability  limits  in  karosane-tueiled  (lames  appears  to  depend  on  tiie  vapour  phase  of  the  How  upetream  ol  the  tlame  ( 

holoer,  and  measurements  with  preheated  air  have  shown  that  the  slower  reaction  progress  in  the  section  of  the  duct  near  the  !lame-holder  in 
kerosene  spray  'lames  is  due  to  part  ot  the  kerosene  remaining  in  the  liquid  pnase.  The  cnhsrence  in  ih#  duct  lengths  necessary  to  unsure 
tlame  confinement  in  flames  without  nnd  with  kerosene  was  small  except  in  luetlmg  arrangements  which  led  to  a  large  concentration  of  kerosene 
in  a  section  ot  the  flow.  A  variation  in  the  proportion  ot  kerosene  by  between  0  and  40  %  did  not  result  in  a  difference  In  amplitude  of  oscillations 
This  is  in  agreement  with  earlier  comparisons  between  methane  and  propane  fuelled  premixed  dames  (23J  and  justifies  the  use  oi  light 
hydrocarbons  to  model  heavier  hydrocarbon  fuel  combustion.  ( 
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SUMMARY 

The  next  generation  of  commercial  aircraft  will  include 
turbofan  engines  with  performance  levels  significantly  better 
than  those  in  the  current  fleet.  Control  of  particulate  and 
gaseous  emissions  will  also  lie  an  integral  part  of  the  engine 
design  criteria.  These  performance  and  emission  requirements 
present  a  techniciJ  challenge  for  the  combustor:  control  of  the 
fuel  and  air  mixing  and  control  of  the  locrl  stoichiometry  will 
have  to  be  maintained  much  more  rigorously  than  with  com¬ 
bustors  in  current  production.  A  better  understanding  of  the 
flow  physics  of  liquid  fuel  spray  combustion  is  necessary. 
This  paper  describes  recent  experiments  on  spray  combustion 
where  detailed  measurements  of  the  spray  characteristics  were 
made,  including  local  drop-size  distributions  and  velocities. 
Also,  an  advanced  combustor  CFD  code  has  been  under  deve¬ 
lopment  and  predictions  from  this  code  are  compared  with 
experimental  results.  Studies  such  as  these  will  provide 
information  to  the  advanced  combustor  designer  on  fuel  spray 
quality  and  mixing  effectiveness.  Validation  of  new  fast, 
robust,  and  efficient  CFD  codes  will  also  enable  the  combus¬ 
tor  designer  to  use  them  as  valuable  additional  design  tools  for 
optimization  of  combustor  concepts  for  the  next  generation  of 
aircraft  engines. 

A.  INTRODUCTION 

Aircraft  engines  being  envisioned  now  for  the  next-century 
aircraft  will  have  requirements  that  present  formidable  techni¬ 
cal  challenges  to  the  combustor  designer.  In  the  subsonic 
commercial  transport  arena,  demand  for  low  openuitig  cost 
translates  into  reduced  fuel  consumption  und  improved  dura¬ 
bility  and  reliability.  Higher  operating  pressures  of  the 
combustor  are  forecast,  with  higher  resulting  fuel  system 
turndown  ratios.  Coupled  with  these  performance  requirements 
is  the  demand  world  wide  for  control  of  pollutant  emissions 
from  aircraft  engines,  especially  oxides  of  nitrogen.  In  the 
arena  of  supersonic  commercial  transports,  forecasts  are 


predicting  fleets  of  hu  lreds  of  transports  operating  at 
Mach  2.0  to  2.5.  with  airfares  only  slightly  higher  than  today's 
long-range  subsonic  fares.  Economical  hie!  consumption  is  a 
requirement.  But  the  largest  technical  challenge  here  is  low 
levels  of  oxides  of  nitrogen  emissions  during  engine  cruise 
such  that  there  would  ^e  no  adverse  impact  to  the  earth's 
environment,  specifically  the  atmosphere's  ozone  layer. 

These  technical  and  environmental  challenges  represent  design 
requirements  for  the  combustor  that  are  outside  of  engine 
companies'  experience.  Empirically  based  design  methods  are 
insufficient  by  themselves.  To  augment  this  design  system,  the 
companies  are  increasingly  turning  ro  computational  fluid 
dynamics  (CFD)  computer  codes.  Severe  limilat'ons  with  cur¬ 
rently  available  codes  are  excessive  time  requirements  to  run 
a  CFD  code  to  analyze  a  complex  combustor  design:  a  penalty 
both  in  turn-around  time  for  design  answers  as  well  as  cost  for 
the  calculations.  We  at  NASA  are  attempting  to  improve  this 
current  situation  in  the  industry  by  developing  a  fast,  rornist. 
efficient  computer  code  for  internal  chemical  reacting  flows. 
The  objective  is  to  produce  a  CFD  code  that  can  be  used  as 
a  more  powerful  design  tool  in  the  industry  to  analy  ze  com¬ 
plex  combustor  designs  in  significantly  shorter  turn-around 
time  than  current  computer  codes  can  achieve. 

An  integral  part  of  the  development  of  n  new  CFD  code  is  the 
validation  of  this  code  with  experiment  that  represert  the 
complex  features  of  the  flows  wnicli  need  to  be  analyzed. 
Therefoie.  at  NASA  ue  are  also  conducting  experiments  on 
liquid  luel  spray  combusting  flows  with  increasingly  complex 
features.  This  will  provide  some  of  the  required  ‘lain  for 
validation  of  our  CFD  code  and  other's  codes.  Detailed  mea¬ 
surements  of  both  liquid  sprays  and  gas  characteristics  arc 
being  obtained  under  both  nonburning  and  burning  conditions. 

This  paper  will  highlight  recent  results  that  NASA  has 
obtained  with  its  spray  combustion  experiment  and  describe 
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(he  formulation  and  physical  modeling  of  its  new  spray  com¬ 
bustion  CTD  code  (Al.LSPD).  't  he  application  of  this  code  to 
combustion  problems  will  be  illustrated  by  several  examples. 

B.  SPRAY  COMBUSTION  EXPERIMENTS 

Combusting  sprays  are  very  important  for  gas  turbine  engine 
applications.  The  investigation  of  combusting  sprays  should 
lead  to  a  better  understanding  of  the  physics  involved  in  this 
complicated  process  Important  processes  involved  in  combust¬ 
ing  sprays  are  the  interactions  between  the  droplets  and  the 
gas  phase,  the  vaporization  of  (he  droplets,  and  chemical 
reactions  with  heal  release.  These  physical  processes  are 
coupled  and  can  only  be  completely  described  using  numerical 
modeling.  As  part  of  an  effort  to  improve  the  numerical 
modeling  of  gas  tuibine  combustors,  an  experimental  study 
has  been  undertaken  to  obtain  a  data  set  lor  a  relatively  simple 
liquid -fueled  combustor  that  can  lie  used  for  comparison  with 
numerical  models  (Ref.  I). 

Because  of  their  practical  application;;,  swirling  flows  with 
combustion  have  been  studied  by  a  large  number  of  investi¬ 
gators.  Earlier  reviews  of  swirling  flows  both  with  and  without 
combustion  present  some  general  trends  (Refs.  2  to  4).  These 
papers  predate  the  development  of  nonintrusive.  laser-bnsed 
diagnostics:  consequent ly  all  of  the  results  described  were 
obtained  using  intrusive  instrumentation  and  detailed  structure 
measurements  for  these  types  of  flows  were  not  possible.  With 
the  advent  of  newer  instrumentation  techniques,  namely  laser 
Doppler  anemometry.  additional  details  of  the  structure  of 
these  types  of  flow  s  began  to  emerge.  Laser  Doppler  anemo- 
rnctry  velocity  measurements  in  spray  flames  (Refs.  5  and  6) 
reveal  some  of  (lie  flowfield  structure  of  swirling  flames.  The 
development  of  the  phase  Doppler  particle  analyzer  (Ref.  7). 
enabled  the  simultaneous  measurement  of  droplet  size  and 
velocity.  This  instrument  has  been  used  by  a  number  of  inves¬ 
tigators  for  measurements  in  spray  flames  in  n  variety  of 
configurations  (Refs.  8  to  12).  This  instrument  has  the 
capability  to  measure  velocities  of  both  the  gas  and  droplet 
phases  in  a  combusting  spray. 

B.l  EXPERIMENT 

The  combustor  utilized  in  the  present  experiment  is  illustrated 
m  Fig.  I .  It  consists  of  a  center  mounted  air-assist  fuel  nozzle, 
Parker  Hannifin  research  simplex  air-ossisl  atomizer,  sur¬ 
rounded  by  a  coflowmg  air  stream.  The  nozzle  orifice  diame¬ 
ter  was  4.8  mm.  Both  the  air  assist  and  the  coflcnv  air  streams 
had  swirl  imparted  to  them  using  45  degree  s wirier;.  The 
swirlers  were  constructed  by  machining  45  degree  slots  into 
rings.  Both  streams  were  swirled  in  the  same  direction  for  the 
present  study.  The  combustion  air  was  not  preheated  and 
entered  the  combustor  at  297  K.  The  top  of  the  air-assist 
nozzle  was  water  cooled  to  prevent  overheating  of  an  O-ring 
in  the  nozzle  assembly.  The  temperatures  of  the  fuel,  atomiz¬ 
ing  air  and  coflow  air  streams  were  measured  using  (.'brumal 
Alumel  thermocouples.  Flow  rates  of  the  air  streams  were 
measured  using  calibrated  orifices  and  the  fuel  flow  rate  was 
measured  using  a  mass  flowmeter.  All  results  reported  in  the 
present  study  are  reported  for  a  coflow  air  flow  rate  of 
15.88  g/s.  an  air-assist  flow  rate  of  0.96  g/s.  and  a  fuel  flow 
rate  of  0.38  g/s.  The  fuel  used  was  heptane.  The  coflow 


stream  entered  ‘he  combustor  in  three  radial  locations,  passed 
through  a  honeycomb  flow  strnightener,  and  the  swirlers 
before  exiting  the  combustor.  The  svvirler  was  located  140  mm 
upstream  of  the  combustor  exit.  The  flow  from  the  combustor 
discharged  into  ambient,  stagnant  surroundings. 

The  combustor  was  mounted  vertically  within  a  large 
(1.8  in  sq  by  2.4  in  high)  enclosure.  The  entire  enclosure  was 
mounted  on  two  sets  of  linear  bearings  and  sv*s  traversed 
using  stepper  motors  to  provide  motion  in  two  directions.  The 
combustor  assembly  itself  could  be  traversed  in  the  vertical 
direction  using  a  third  stepper  motor  to  allow  measurements 
at  all  locations  in  the  flowfield.  This  arrangement  allowed 
rigid  mounting  of  all  optical  components. 

The  phase/Doppler  particle  analyzer  was  used  foi  all  mea¬ 
surements  reported  in  this  study.  A  schematic  of  the  twe- 
component  instalment  is  shown  in  Fig.  2.  The  beam  from  a 
6  \V  Argon- Ion  laser  is  split  into  488.1)  and  514,.'  mil  wave¬ 
lengths  using  a  dichroic  mirror.  Fach  beam  is  then  focused 
onto  a  rotating  diffraction  grating  which  splits  each  beam  into 
several  pairs.  The  two  first-order  beams  for  each  wavelength 
are  then  recombined  onto  the  optical  axis  using  a  dichroic 
minor,  collimated  and  focused  at  a  point  to  form  the  two- 
component  probe  volume.  In  the  present  study,  the  transmit¬ 
ting  optics  utilized  a  500  mm  focal  length  lens,  T  he  receiv.ng 
optics  were  located  30  degrees  off  axis  in  die  forward-scatter 
direction.  Light  was  collected  using  a  500  mm  focal-length 
lc:.o  and  then  focused  onto  a  100  pm  by  I  mm  long  slit.  The 
collected  light  is  then  split  and  picked  up  by  four  plioio- 
detectors.  Three  are  arranged  to  look  at  the  signals  from  the 
514.5  beams  and  one  receives  light  from  the  488  nm  beams. 
F.acli  of  the  three  phoindctectors  for  the  green  beams  are 
imaged  at  n  different  area  of  the  collection  lens  nnd  the  phase 
difference  between  the  signals  is  used  for  the  size  determina¬ 
tion.  Details  of  the  instrument  can  be  found  m  Ref.  7. 

In  the  present  study,  velocities  of  both  the  liquid  nnd  gaseous 
phases  were  measured.  This  was  rtccomplished  by  seeding  the 
gas  piiase  wiln  nominal  1  pm  size  aluininum-oxide  particles. 
The  coflow,  air-assist  flow,  and  the  ambient  surroundings 
were  all  seeded  to  minimize  biasing.  Phase  discrimination  is 
inherent  in  the  instannentntion  w  ith  the  ability  to  size  each 
measured  particle.  At  each  spatial  location,  two  measurements 
w-ere  taken  in  order  to  accurately  measure  the  velocity  of  each 
phase.  A  threshold  voltage  for  the  photodetectors  at  the  speci¬ 
fied  Inser  power  was  determined  experimentally,  below  which 
signals  from  the  aluminum-oxide  particles  were  not  detected. 
For  the  droplet  measurements,  the  photodeteclor  voltage  was 
kept  below  tins  threshold  value  in  order  to  eliminate  interfer¬ 
ence  from  the  aluminum-oxide  particles.  Total  Inser  power  for 
nil  wavelengths  was  fixed  al  1.5  W  for  all  die  measurements. 
Particle'  with  diameters  less  than  2.4  pm  were  used  to  repre¬ 
sent  the  eas  phase  velocity.  Two  complete  traverses  were 
taken  in  order  to  measure  all  three  components  of  velocity  nnd 
provide  a  check  on  flow  symmetry.  Each  traverse  measured 
axial  velocity  and  either  radial  or  angular  velocity .  Generally . 
64  000  measurement  attempts  were  made  at  each  measurement 
location.  The  percentage  of  measurements  actually  validated 
depended  on  the  number  density  and  velocities  of  drops  at 
each  location  and  ranged  from  about  65  to  90  percent. 
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11,2  RESULTS  AND  DISCUSSION 

In  the  present  study,  results  are  presented  for  a  single  axial 
location  at  5  mm  downstream  of  the  nozzle.  Gas  phase  results 
for  mean  velocities  are  presented  in  Figs.  3(a)  to  (c)  for 
isothermal,  single-phase  flow  without  droplets  and  two-phase 
flow  with  combustion.  Mean  gas  phase  axial  velocity, 
presented  in  Fig.  3(a).  presents  results  from  a  complete 
traverse  across  the  combustor  mid  illustrates  die  symmetry  of 
the  flow  field.  The  combustor  exit  dimensions  are  illustrated  on 
the  x-axis  of  the  figure  for  reference.  A  small  recirculation 
zone  is  evident  near  the  center  of  the  nozzle.  At  this  axial 
location  relatively  close  to  (he  nozzle,  velocity  gradients  are 
extremely  large  in  the  flow  from  the  air-assist  stream  contain¬ 
ing  the  droplets.  Effects  of  combustion  on  the  flowfield  are 
significant.  Both  the  traximun  and  minimum  mean  axial 
velocities  lire  increased  for  the  combusting  case  compared  to 
the  isothermal  case  due  to  the  gas  expansion  associated  with 
the  heat  release.  For  the  case  with  combustion,  velocities 
increase  from  nearly  0  to  .35  m  s  and  then  decrease  to  -.30  m/s 
within  a  radius  of  about  12  mm.  Mean  axial  velocities  in  the 
coflow  stream  are  not  affected  by  the  combustion  at  this  axial 
location. 

Figure  3b  presents  mean  rndinl  velocity  for  the  gas  |>hnse  As 
shown  in  Fig.  3|b).  effects  of  combustion  are  very  dramatic 
for  radial  velocity  Maximum  radial  velocities  increased  from 
about  1 0  rres  for  the  isothermal  case  to  about  40  ire's  for  (lie 
case  with  combustion  due  to  the  radial  expansion  of  the  gas. 
Again,  the  gas  from  the  coflow  stream  is  not  affected  by  the 
combustion  at  tins  axial  location. 

Mean  gas  phase  angular  •  elocities  are  presented  in  Fig.  3(c). 
For  this  case,  reaction  and  the  presence  of  droplets  decreases 
the  maximum  angular  velocities  in  lire  flowfield.  Some  of  the 
decrease  in  angular  velocity  for  the  gas  phase  can  be  attri¬ 
buted  to  the  momentum  transferred  to  the  dioplets  since  they 
do  not  initially  have  a  swirl  component. 

Fluctuating  gas  phase  velocities  are  presented  in  Figs.  4(a)  to 
(c)  for  both  the  single-phase,  isothermal  and  the  two-phase, 
c  ombusting  casts.  All  fluctuating  velocities  presented  are  rcot- 
mean-squared  (rms)  values.  Figure  4(a)  presents  radial  profiles 
of  gas  phase  fluctuating  axial  velocity.  Maximum  values  of 
fluctuating  axial  velocity  are  similar  for  both  the  combusting 
and  isothermal  cases.  The  case  with  combustion  does  show 
larger  values  of  axial  rms  velocity  at  radial  locations  between 
approximately  5  and  15  mm  from  the  center  of  the  nozzle. 
Axial  velocities  are  also  higher  at  these  locations  for  the 
combusting  case,  see  Fig,  3(a).  Fluctuating  radial  velocities, 
illustrated  in  Fig.  4(b).  show  dramatic  differences  between  the 
isothermal  and  combusting  cases.  The  maximum  velocity  loca¬ 
tions  have  shifted  radially  outward  corresponding  to  the  shift 
in  mean  radial  veloci'y,  see  Fig.  3(b).  The  maximum  fluctuat¬ 
ing  radial  velocity  lias  also  increased  from  about  I(J  ms  to 
1 5  ires. 

Fluctuating  angular  gas  phase  velocities  are  presented  in 
Fig.  4(c).  Similar  to  the  results  shown  for  mean  angular  gas 
phase  velocities,  fluctuating  angular  velocities  generally 
decreased  with  combustion  and  the  presence  of  the  liquid 
phase  compared  to  die  single-phase,  isothermal  case,  A  small 
region  from  a  radius  of  about  7  to  15  mm  shows  increased 
values  of  fluctuating  angular  velocity  for  the  case  with  combustion. 


Mean  velocities  for  the  drops  are  presented  in  Figs.  5(a)  to  (c) 
for  (lie  case  with  combustion.  In  the  experimental  study, 
velocities  were  measured  for  drop  sizes  ranging  from  4  to 
142  pm.  Results  are  presented  for  drop  sizes  cf  15,  32  and 
52  um.  Measured  gas  phase  velocities  are  also  presented  in 
the  figure  Note  that  results  are  only  illustrated  fruni  -15  to 
>15  mm  for  the  radial  direction  because  no  drops  were  present 
at  larger  radial  locations.  Figure  5(a)  presents  mean  drop  axial 
velocity  at  5  mm  downstream.  Similar  to  the  results  previously 
shown  lor  the  gas  phase,  the  flowfield  is  very  symmetric. 
Axial  re’locity  is  correlated  with  drop  size  in  all  regions.  In 
the  main  region  of  the  spray,  at  a  radius  of  about  7  mm.  the 
maximum  velocity  of  the  gas  phase  was  about  38  m  s.  and 
about  28  ire's  for  the  32  pm  drops.  Even  the  maximum  veloc¬ 
ity  of  the  15  pit)  drops  lagged  the  gas  phase  by  about  5  tty's. 
In  the  center  ot  the  flowfield  is  a  small  recirculation  zone,  see 
Fig.  3(t).  There,  only  the  15  pm  drops  showed  negative  axial 
velocities  while  larger  drops  had  positive  velocities. 

Mean  drop  radial  velocities  are  presented  in  Fig.  5(b).  Again, 
there  is  a  correlation  between  drop  size  and  velocity  in  the 
flowfield.  Maximum  mean  radial  velocities  are  slightly  higher 
than  maximum  axial  velocities  for  the  drops  due  to  the  heat 
release  and  radial  expansion  of  the  gas.  Mean  angular  veloci¬ 
ties  of  Ihe  drops  are  presented  in  Fig.  5(c).  Angular  velocity 
is  not  ns  symmetric  and  is  also  much  smaller  than  the  other 
two  compon*nts  of  velocity.  The  mean  drop  angular  velocity 
is  a  strong  function  of  the  drop  size  with  the  smaller  drops 
showing  the  least  velocity  difference  with  the  gas  phase. 

Fluctuating  droplet  axial,  radial,  and  angular  velocity  com¬ 
ponents  for  the  three  drop  sizes  and  gas  phase  are  presented 
in  Figs.  6'a)  to  (c).  respectively.  The  fluctuating  drop  veloci¬ 
ties  presented  are  root-mean-squared  (rms)  values.  Generally, 
the  smaller  drops  are  affected  more  by  Ihe  gas  phase  turbu¬ 
lence  and  have  larger  fluctuating  velocities  than  die  larger 
drops.  Velocity  fluctuations  are  clearly  not  isotropic  since 
fluctuating  axial  and  radial  velocities  are  considerably  larger 
than  fluctuating  angular  velocities. 

In  addition  to  drop  mean  and  fluctuating  velocities,  the  liquid 
volume  flux  is  important  in  two-phase  flows.  Drop  number- 
flux  measurements  are  presented  in  Fig.  7.  where  results  nre 
illustrated  for  four  drop  size  groups.  As  shown  in  Fig.  7. 
number  flux  is  nearly  symmetric.  The  results  show  that 
smaller  droplets  have  much  larger  number  fluxes.  The  distri¬ 
bution  of  the  iarger  droplets  is  still  very  important  since  much 
of  the  liquid  mass  is  contained  in  the  larger  droplets. 
Relatively  few  drops  are  found  in  the  center  region  of  the 
flowfield  due  to  die  45  degree  swirler  that  is  used  in  the  air- 
assist  stream. 

C.  COMBUSTION  CKD  CODE 

l  ire  ohiretive  ot  the  present  work  is  to  develop  a  numerical 
solution  procedure  which  can  efficiently  handle  the  coupling 
between  a  spray  model  and  n  well-developed  strongly  implicit 
flow  solution  algorithm  (Refs,  13  and  14).  In  the  past,  spray 
models  have  been  coupled  with  different  flow  algorithms  and 
shown  some  promising  results  (Refs.  15  to  17).  However, 
most  of  the  spray  models  were  coupled  wilh  a  flow  soiver 
employing  a  segregated  approach,  such  as  a  TEACH-type 
code  (Refs.  15  and  16).  which  has  been  used  very  extensively 
iii  the  industries  for  the  past  two  decades  Although  simple 
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and  easy  (o  implement,  the  TEACH-type  code  usually  suffers 
poor  convergence  due  to  the  explicit  (or  semi-implicit) 
treatments  of  the  chemical  source  terms  and  the  sequential 
solution  approach.  Recent  development  of  C'FD  techniques  and 
the  advent  of  computer  technology  have  allowed  us  to  explore 
more  ambitious  schemes  lo  solve  reacting  flow  problems. 
Strongly  coupled  and  implicit  numerical  schemes,  although 
requiring  much  more  computer  storage  and  complexity  of  the 
algorithm,  have  been  very  popular  for  ncnreacting  compressi¬ 
ble  (Refs.  18  and  19)  and  incompressible  (Refs.  20  and  21) 
flow  computations. 

Shuen  and  Yoon  (Ref.  22)  developed  a  coupled  scheme  for 
high  speed  reacting  flows.  RPLUS.  which  has  been  used  and 
studied  quite  extensively  in  recent  years.  However,  like  other 
compressible  flow  solution  algorithms.  RPLUS  may  not  be 
suitable  for  low  s|*?ed  flow  computations.  There  are  two  well- 
recognized  reasons  (Refs.  23  to  25)  for  the  convergence 
difficulties  related  to  compressible  flow  codes.  First,  the 
system's  eigenvalues  become  stiff  at  low  flow  velocities. 
Second,  the  pressure  term  in  the  momentum  equation  becomes 
singular  as  die  Mach  number  approaches  zero,  which  yields  a 
large  roundoff  error  and  smears  the  pressure  variation  field. 
This  will  not  only  result  in  slow  convergence  but  often  will 
produce  inaccurate  solutions.  To  circumvent  the  above  diffi¬ 
culties.  Shuen  et  al.  (Ref.  13)  developed  a  coupled  numerical 
algorithm  for  chemical  nonequilibrium  viscous  flows. 
ALLSPL),  which  utilizes  die  decomposition  of  the  pressure 
variable  into  a  constant  reference  pressure  and  a  gauge 
pressure  to  reduce  the  roundoff  errors  and  adds  a  precondition¬ 
ing  time  derivative  term  to  rescale  the  system  eigenvalues. 
The  results  of  dtese  treatments  show  that  the  convergence 
properties  are  almost  independent  of  the  flow  Mach  number. 

Numerous  spray  models  have  been  proposed  and  investigated 
for  different  spray  combustion  problems  (Refs.  26  and  27)  in 
the  past  decade.  Recent  spray  models  differ  in  specific  details, 
but  generally  may  be  divided  into  two  categories:  locally 
homogeneous  flow  (LHF)  models  and  separated  flow  (SF) 
models.  LHF  models  represent  the  simplest  treatment  of  a 
multiphase  flow  and  have  been  widely  used  to  analyze  sprays 
(Ref.  28).  The  key  assumption  of  the  LHF  model  is  that  inler- 
phasr  transport  rates  are  fast  in  comparison  to  the  rate  of 
dev  elopment  of  the  flow.  This  implies  that  all  phases  have 
identical  properties  at  each  point  in  the  flow.  Clearly.  LHF 
models  are  only  formally  correct  tor  flows  containing  infi¬ 
nitely  small  droplets. 

Numerous  SF  modcis  have  been  proposed  to  consider  inter- 
phase  Iransport  phenomena  (Ref.  29),  Among  them,  the  dis¬ 
crete  droplet  approach  (Refs.  26  and  30)  has  been  adopted, 
since  it  reduces  numerical  diffusion  while  providing  a  conve¬ 
nient  framework  for  dealing  with  multiple  droplet  size  and 
complex  intetphase  transport  phenomena.  Many  discrete  drop¬ 
let  models  neglect  the  effects  of  turbulence  on  interphnse 
transport  (Refs.  26  and  30).  This  implies  that  droplets  follow 
deterministic  trajectories,  yielding  the  deterministic  separated 
flow  (DSF)  model.  Neglecting  the  effects  of  turbulence  on 
droplet  transport  is  appropriate  when  characteristic  droplet 
relaxation  times  are  large  in  comparison  to  characteristic  times 
of  turbulent  fluctuations.  Few  practical  sprays,  however, 
satisfy  this  condition.  Dukowicz  (Ref.  31)  and  Gosman  and 
loannides  (Ref.  32)  have  adopted  stochastic  methods  to  study 
droplet  dispersion  by  tuibulence.  Faetli  and  coworkers 


(Ref.  33)  extended  the  analysis  of  Cosman  et  al.  lo  include  the 
effects  of  turbulence  on  interphase  heat  and  mass  transport. 
Their  stochastic  separated  flow  (SSF)  model  (Ref.  33)  has 
been  evaluated  in  a  wide  variety  of  parabolic  flows  with  very 
encouraging  results. 

In  a  recent  paper  (Ref.  34),  the  ALLSPD  algorithm  was 
extended  to  include  a  SSF  spray  model  (Ref.  33).  a  recently 
developed  low  Reynolds  number  K-e  turbulence  model 
(Ref.  35)  and  a  multiblock  treatment  to  calculate  the  gas 
turbine  combustion  flows,  where  the  liquid  spray  is  an  im¬ 
portant  ingredient  of  combustion.  Although  the  turbulence 
model  bus  been  included  in  this  study  for  turbulent  combus¬ 
tion  flow  calculations,  the  mean  flow  quantities  are  still  used 
in  the  chemistry  calculations.  The  turbulence  closure  problem 
for  chemistry’  is  more  complicated  and  computationally  inten¬ 
sive.  The  consideration  of  a  suitable  turbulent  combustion 
closure  model  is  left  for  our  next-phase  study  in  the  near 
future. 


In  this  paper,  in  addition  to  the  gns  turbine  spray  combustion 
flow,  u  single-phase  premixed  turbulent  combustion  flow  and 
a  nonreacting  turbulent  flow  are  also  included  to  demonstrate 
the  current  status  of  this  research.  In  the  following  sections,  a 
brief  mathematical  formulation  of  the  governing  equations  for 
both  gns  and  liquid -phases  is  described.  The  numerical  method 
and  discretization  procedure  are  given  next  and  finally  some 
sample  numerical  results  are  presented. 


CM  GOVERNING  EQUATIONS 

(’.  I  ft  Gas-Phase  Equations 
C.la(l)  Navier-Stokes  Formulation 

The  two-dimensional,  unsteady,  compressible,  density- 
weighted  time-averaged  Navier-Stokes  equations  and  species 
transport  equations  for  a  chemically  reacting  gas  of  N  species 
written  in  generalized  nonorthogonal  coordinates  can  be 
expressed  as 
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where  the  vectors  Q,E,F,EV,FV,HC,  and/7,  are  defined  as 
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In  the  above  expressions,  t.  and  n  are  the  time  and  spatial 
coordinates  in  the  generalized  coordinates  and  ^  and  rj,  are 
the  grid  speed  terms.  The  Ev.  nv.  and  q,  are  the  metric 
terms  and  the  J  is  the  transformation  Jacobian.  The  power.  6. 
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is  an  index  for  (wo  types  of  governing  equations  with  6*0 
for  two-dimensional  and  6  »  I  for  nxisyininetnc  cases  (with 
x  being  the  axial  and  v  the  radial  coordinates,  respectively). 
The  vectors  Q.  F.  K.  E,,  Fv.  H(,  and  H(  in  the  above  defini¬ 
tions  ate 
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and  the  source  term  vectors  Hc.  and  H,  are 
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where  p.  /».  u.  v.  k.  e.  and  K(  represent  the  density,  pressure. 
Cartesian  velocity  components,  turbulent  kinetic  energy, 
dissipation  rate  of  turbulent  kinetic  energy  and  species  mass 
fraction,  respectively;  £  »  e  +  *}  In 2  +  vJ)  is  the  total 
internal  energy  with  e  being  the  thermodynamic  intrrnnl 
energy;  and  St  is  the  rate  of  change  of  species  /  due  to 
chemical  reactions.  The  normal  and  shear  stresses,  energy, 
species,  and  turbulent  diffusion  fluxes  are  given  by 
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where  f.  p,.  Mr  M/.  and  k,  nre  Ihe  temperature,  effective  vis¬ 
cosity.  turbulent  viscosity,  molecular  viscosity  and  the  effec¬ 
tive  thermal  conductivity,  respectively; 
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is  the  effective  binary  difhisivity  of  species  i  in  the  gas 
mixture.  X,  the  molar  fraction  of  species  i.  and  Df/  the  binary 
mass  diffusivity  between  species  i  and  j,  The  quantities  related 
to  the  source  term  in  the  turbulent  equations  are  given  as 
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where  y„  in  the  expression  of  ffK  is  the  normal  distance  away 
from  the  wall.  kt  is  the  molecular  thermal  conductivity,  Cplll 


is  the  specific  heat  of  the  gas  mixture  and  Pr,  is  the  turbulent 
Prandtl  number. 


The  vector  llf  in  Eq.  (I)  represents  the  source  term  that 
accounts  for  the  interactions  between  the  gas  and  liquid 
phases.  In  vector  ty.  np  is  Ihe  number  of  droplets  in  the  /*th 
characteristic  group  of  droplets;  rrt  is  the  evaporation  rate 
of  each  particle  group;  pp  is  the  liquid  density;  rp  is  the 
droplet  radius:  «f,  and  up  are  the  particle  velocities  at  the  /»th 
group;  lifr  is  the  enthalpy  of  fuel  vapor  at  the  droplet  surface 
and  /(AT  is  the  convective  heat  transfer  between  two  phases. 
Detailed  discussions  about  the  liquid  phase  equations  will  be 
described  later.  The  temperature  and  pressure  nre  cc'culated 
iteratively  from  the  following  equations 
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where  R„  and  Tlv.  are  the  universal  gas  constant  and  reference 

temperature  for  thermodynamic  properties,  and  IVf.. 

are  the  molecular  weight,  constant  pressure  specific  heat. 

thermodynamic  enthalpy,  and  heat  of  formation  of  species  i. 

respectively. 


!u  reacting  flow  calculations,  the  evaluation  of  thermophvsical 
properties  is  of  vital  importance.  In  this  paper,  the  values  of 
<>  **  and  pw  for  each  species  are  determined  by  fourth- 
order  polynomials  of  temperature,  as  described  in  Shuen 
(Ref.  36).  The  specific  heat  of  the  gas  mixture  is  obtained  by 
mass  concentration  weighting  of  individual  species.  Ihe 
thermal  conductivity  and  viscosity  of  the  mixture,  however, 
are  calculated  using  Wilke's  mixing  rule  (Ref.  37).  The  binary 
mass  diffusivity  Du  between  species  /  and  J  is  obtained  using 
the  Chapman-Enskog  theory  (Rel.  37). 


C.la(2)  All-Maeh-Nuinber  Formulation 

As  noted  earlier  in  the  introduction  section,  the  two  main 
difficulties  that  render  die  compressible  flow  algorithms 
ineffective  at  low  Mach  numbers  nre  the  roundoff  error  caused 
by  the  singular  pressure  gradient  term  in  the  momentum  equa¬ 
tions  (the  pressure  term  is  of  order  I /M2  while  Ihe  convective 
term  is  of  order  unity  in  the  nondimensional  momentum  equa¬ 
tions)  and  the  stiffness  caused  by  the  wide  disparities  in 
eigenvalues.  To  circumvent  these  two  problems  regarding  the 
low  Mach  number  calculations,  following  the  approach  by 
Merkie  and  Choi  (Ref.  25).  Shuen  et  al.  (Ref.  13)  added  a 
time  preconditioning  term  to  rescale  the  system  eigenvalues 
and  decompose  the  pressure  variable  into  a  constant  reference 
pressure  pari  and  a  gauge  pressure  part.  This  all-Mach-nurnber 
formulation  has  been  extended  to  include  the  turbulent  and 
spray  equations.  I  he  resulting  Navier-Stukes  equations  in  a 
conservative  form  nre 
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where  the  primitive  variable  vectorOand  Ihe  preconditioned 
matrix  I'  are  given  as 
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where  t*  is  (lie  pseudotime.  P  is  a  parameter  for  rescaling  the 
eigenvalues  of  the  new  system  of  equations: 
and//  *  e  *  ///pis  the  specific  enthalpy  of  (lie  gas  mixture. 
The  definition  of  vectors  in  Eq.  (.1)  is  identical  to  those  in 
Eq.  (1)  except  that  the  pressure  terms  in  the  momentum 
equations  are  replaced  by  gauge  pressure.  />  .  The  derivation 
of  the  all-Mach-number  formulation  can  be  found  in  detail  in 
Sluicn  et  al  (Refs.  13  and  14). 

(Mb.  Liquid- Phase  Equations 
C.lb(l)  Droplet  Motion  Equations 

The  liquid  phase  is  treated  by  solving  Lagrangian  equations  of 
motion  and  transport  for  the  life  histories  of  a  statistically 
significant  sample  of  individual  droplets.  This  involves 
dividing  the  droplets  into  n  groups  (defined  by  position, 
velocity,  temperature  ana  diameter)  at  the  fuei  nozzle  exit  and 
then  computing  their  subsequent  trajectories  in  the  flow.  The 
spray  model  used  in  this  study  is  based  on  a  dilute  spray 
assumption  which  is  valid  in  the  regions  of  spray  where  the 
droplet  loading  is  low  (Refs.  17  and  33).  The  liquid  fuel  is 
assumed  to  enter  the  combustor  as  a  fully  atomized  spray 
comprised  of  spherical  droplets.  The  present  model  does  not 
account  for  the  effects  due  to  droplet  breakup  and  coalescence 
processes  which  might  be  significant  in  a  dense  spray  situa¬ 
tion.  The  Lagrangian  equations  governing  the  droplet  motion 
are 
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The  subscript  g  represents  the  gas-phase  quantities  and  /> 
represents  the  liquid-phase  (or  'particle")  quantities.  Equation 
(4)  and  (5)  are  used  to  calculate  the  new  droplet  positions  and 
Eqs.  (6)  and  (7)  are  used  to  update  the  new  droplet  velocities 
at  the  new  droplet  locations.  A  second-order  Runge-Kutta 
scheme  was  used  to  integrate  Eqs.  (4)  to  (7). 


C.lb(7)  Droplet  Moss  and  Ueat  Transfer  Equations 

As  described  by  Faeth  (Ref.  26).  the  following  correlations 
were  used  to  approximate  the  mass  and  heat  transfer  roefl'i- 
cicnts  for  a  single  isolated  spherical  droplet: 

''I'JlL  -  2/V  ln(l  +  a),  (8) 
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where  Ii  is  the  heat  transfer  coefficient,  </  is  the  droplet 
diameter.  Df  is  the  fuel  mass  diffusivity.  k  is  tlie  thermal 
conductivity  of  fuel  vapor  and  the  fuel  inass  evapora¬ 
tion  rate  per  unit  area.  The  Ns  and  Np  are  defined  as 
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where  Sc  and  Le  are  the  Schmidt  and  Lewis  numbers,  respec¬ 
tively.  The  Spalding  number.  B,  in  Eqs.  (8)  and  (9)  is  defined 
as 
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where  Y,vr  is  the  fuel  vapor  mass  fraction  at  the  surface  of  the 
droplet  ond  Yly  is  the  mean  fuel  mass  fraction  of  the  ambient 
gas.  In  the  present  stud).  Y,  is  obtained  from  the  following 
equation 
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where  the  particle  Reynolds  number.  fi<^  and  the  drag 
coefficient,  C &  are  defined  as 
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where  IV,  is  the  molecular  weight  of  gas  excluding  fuel  vapor. 
W'f  is  the  molecular  weight  of  fuel  and  Xtfp  is  the  mole 
fraction  of  fuel.  The  V  is  obtained  from  the  assumption  of 
Raoult's  law.  Based  on  this  assumption,  the  mole  fraction  at 
the  droplet  surface  is  equal  tc  the  ratio  of  the  partial  pressure 
of  fuel  vapor  to  the  total  pressure.  For  the  present  spray 
calculation,  the  partial  pressure  of  fuel  vapor  was  computed 
based  on  the  following  empirical  correlation  (Ref.  .17): 
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where  x  -  I  -  7VT(„  Pv,  -  -7.28916.  Pv2  -  1.53679.  P,? 
”  -1,08167.  Pv4  ■«  -1.02456.  Tc  and  pc  are  the  critical 
temperature  and  critical  pressure  of  the  fuel  vapor, 
respectively. 


where  the  value  of  a  is  between  0  and  I  with  a  ■  0  referring 
to  the  vortex  center  and  a*  I  referring  to  the  droplet  surface. 
The  initial  and  boundary  conditions  for  Eq.  (13)  a— 
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is  obtained  from  the  energy  balance  at  the 


droplet  surface  by  the  following  equation 


C.H>(3)  Droplet  Internal  Temperature  Equations 

As  a  single  droplet  enters  a  hot  environment,  the  immediate 
small  portion  of  the  droplet  near  the  surface  will  be  heating  up 
quickly  while  the  center  core  of  the  droplet  remains  "cold”. 
The  heat  will  be  conducted  and  convected  to  the  entire  interior 
as  the  droplet  penetrates  further  into  the  hot  ambient  gas. 
Eventually,  the  temperature  within  the  droplet  will  become 
nearly  uniform  before  the  end  of  ils  lifetime.  To  solve  this 
transient  phenomena  within  the  droplet  is  not  trivial.  In  the 
past,  certain  approximations  (Ref.  38)  are  usually  made  to 
alleviate  this  computational  burden  while  obtaining  reasonably 
good  results.  Among  them,  the  simplest  one  is  the  uniform 
temperature  model.  This  model  assumes  that  die  thermal  con¬ 
ductivity  of  the  fuel  is  infinite  Of  course,  this  is  not  valid  at 
the  beginning  of  the  heating-up  process  of  the  droplet. 
Another  model  considers  the  heat  diffusion  inside  the  droplet. 
This  yields  a  conduction  model.  The  temperature  distribotion 
within  (he  droplet  is  obtained  by  solving  the  oiie-dimensional 
heat  conduction  equation  subject  to  the  convective  boundary 
conditions  at  the  droplet  surface.  The  conduction  model 
completely  neglects  the  convective  phenomena  within  the 
droplet  which  might  occur  due  to  significant  shear  forces  at 
the  surface  induced  by  high  slip  velocities.  Tong  and 
Sirignano  (Ref.  39)  developed  a  vortex  model  for  the  internal 
temperature  of  a  single  droplet  which  accounts  for  the 
convective  effect  of  the  Hill's  vortex  formation  inside  the 
droplet.  In  this  study.  Tong  and  Sirignano's  vortex  model  is 
applied  to  obtain  the  internal  tempeiature  distribution  of  the 
droplet.  The  equation  governing  the  internal  temperature 
distribution  based  on  this  model  is 
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where  /ligand  It  are  calculated  from  Eqs.  (8)  and  (9).  respec¬ 
tively.  V  is  the  latent  heal  of  the  fuel  and  AT  »  fv  -  Tps, . 
where  T/1V  is  droplet  surface  temperature  and 7^ is  the  mean  gas 
temperature  evaluated  in  the  following  way 


An  implicit  scheme  was  used  to  solve  Eq.  ( 13)  subject  to  the 
initial  and  boundary  conditions.  Second-order  central  differ¬ 
ences  were  used  for  the  spatial  differential  terms  and  a  first- 
order  difference  for  the  time  term.  These  treatments  rendered 
a  scalar  tridiagonal  aigebraic  system  and  was  solved  by  the 
Thomas  Algorithm  (Ref.  40). 


C .2  NUMERICAL  METHODS 
C.2a  Discretized  Equations 

Equation  (3)  is  the  final  gas-phase  governing  equation  to  be 
solved  numerically.  To  obtain  tiine-accurate  solutions  for 
time-evolving  problems,  a  dual  time-stepping  integration 
method  can  be  applied  to  Eq.  (3).  The  solution  converged  in 
pseudotime  corresponds  to  a  time-accurate  solution  in  physical 
nine  (Ref.  13).  However,  for  the  present  study,  since  only  the 
steady  stale  solution  is  of  our  interest,  the  physical  time  term 
in  Eq.  (3)  can  be  dropped  and  the  solution  can  be  marched 
completely  in  pseudotime  to  obtain  the  final  steady  slate 
solution.  One  advantage  of  marching  to  the  steady  state 
solution  in  pseudotime  is  that  the  convergence  of  Ihe  marching 
(iterative)  process  is  determined  by  the  eigenvalue  characteris¬ 
tics  on  the  os'iidoliine  space  and  not  by  the  original  stiff 
eigenvalues.  The  analysis  of  the  eigensystem  has  been  per¬ 
formed  <n  our  prev  ious  st"dy  (Refs.  13  and  14)  and  therefore 
will  not  be  repented  here.  It  should  he  noted  that  Ihe  inclusion 
or  tlh-  iirhuleiu  k-c  equations  in  this  study  does  not  affect 
the  si  stein  eigenvalues  at  all  and.  therefore,  the  properties  of 
the  all-Mach-nuinber  formulation  analysis  in  previous  papeis 
(Refs.  1.1  and  14)  arc  still  valid. 


After  linearization  and  applying  a  first -order  time  differencing. 
Eq,  (3)  can  be  expressed  in  the  following  form; 
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Since  a  multiblock  treatment  is  applied  to  the  present 
numerical  algorithm,  the  interfaces  between  blocks  (or  zones) 
become  a  special  kind  of  boundary.  At  the  interface,  the 
governing  equations  are  still  solved  without  any  distinction 
front  the  rest  of  the  interior  points.  The  flow  variables  have 
been  carefully  arranged  in  such  a  way  that  the  information 
from  the  neighboring  block(s)  is  automatically  brought  into 
the  calculation  at  the  interface  of  the  current  block.  The 
multiblock  treatment  of  the  present  study  not  only  provides 
flexibility  for  complex  geometry  calculations  but  also  reduces 
the  size  of  the  storage  array  for  the  MSIP  coefficients  due  to 
the  smaller  sizes  of  the  subdomains. 


where 


£-$r. 


where/)  denotes  the  previous  iteration  level.  D  is  the  Jacobian 
for  chemical  and  turbulent  source  terms.  A  and  B  are  die 
inviscid  term  Jacobians  and  and  Rqn  are  the  viscous  term 
.lacobians.  The  expressions  for  these  Jacobians  can  be  found 
in  Smien  et  at.  (Refs.  13  and  14)  except  for  the  turbulent  part. 
Central  differences  were  used  to  discretize  the  spatial  deriva¬ 
tive  terms  in  Eqs.  (15)  and  (16)  for  both  explicit  and  implicit 
operators.  The  resulting  coupled  algebraic  equations  arc  solved 
using  a  modified  strongly  implicit  procedure  (MSIP)  proposed 
by  Schneider  and  Zedan  (Ref.  4 1 ).  which  is  completely  vector- 
izable  along  i  +  2/  diagonal  direction. 


C.2b  Boundary  Conditions 

The  boundary  conditions  for  gas  phase  equations  are  described 
as  follows.  Here,  only  the  subsonic  flow  boundary  conditions 
are  considered  in  the  present  paper.  At  the  inlet,  all  quantities 
are  specified  except  pressure  which  is  obtained  through  extra¬ 
polation  from  the  pressure  at  interior  points.  At  the  exit,  the 
governing  equations  are  solved  at  the  exit  station  by  applying 
backward  differences  for  the  streamwise  derivative  terms 
(central  differences  are  still  used  fer  cross-stream  derivative 
terms).  However,  the  streamwise  pressure  derivative  terms  are 
ventrallv-ilifi'ertncvd.  This  treatment  requires  the  pressure 
information  r.t  the  station  one  step  downstream  (outside  the 
computational  domain)  where  a  constant  pressure  condition  is 
enforced.  At  the  symmetry  line,  the  governing  equations  are 
solved  via  the  use  of  the  symmetry  conditions  for  two- 
dimensional  (lows.  For  the  axisyinmetric  case,  a  singularity 
exists  at  this  line  and  a  simple  one-sided  difference  is  used  to 
implement  the  symmetry  conditions.  At  the  solid  wall,  no  slip 
conditions  are  used  for  the  velocities  and  an  adiabatic  wall  is 
assumed.  Normal  derivatives  for  species.  Yt.  and  (j>f  ♦  2/3  px) 
are  set  to  zero.  For  the  turbulent  quantities,  the  low  Reynolds 
number  turbulence  model  (Ref.  35)  used  in  this  study  requires 
the  specification  of  the  x  and  t  at  the  walls  as  follows: 
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where  mt  is  the  friction  velocity  at  the  wall. 


C.2c  Spray  Source  Terms 

In  Eq.  (3).  the  liquid-phase  interaction  with  the  Navier-Stokes 
equations  is  modeled  as  a  source  term  which  accounts  for 
mass,  momentum  and  energy  exchanges  between  two  phases. 
In  order  to  compute  this  source  term,  the  liquid-phase  govern¬ 
ing  equations  described  in  the  previous  section  are  integrated 
in  time  once  initial  conditions  have  been  specified.  As  a  liquid 
droplet  begins  its  journey  from  the  injection  nozzle,  its 
position,  velocity,  temperature  and  size,  in  general,  will  be 
changing  according  to  the  interaction  between  the  gas  phase 
solution  and  the  spray  properties.  In  contrast  to  the  Lulerian 
approach  for  the  gas-phase  equations,  the  Lagrnnginn  treat¬ 
ment  for  the  liquid-phase  equations  requires  interpolation  of 
the  flow  quantities  from  the  Eulerian  grid  to  the  particle 
positions  and  redistribution  of  the  spray  source  terms  from  the 
particle  positions  to  the  Eulerian  grid  for  the  gas-phase.  Since 
the  time  step  for  the  spray  equations  is  usually  much  smaller 
than  that  for  the  flow  equations  (especially  for  the  present 
MSIP  scheme  with  which,  in  general,  a  large  CFL  number  can 
be  obtained)  and  a  large  number  of  particle  groups  are 
required  to  statistically  represent  the  spray  behavior,  it  is  very 
important  to  keep  the  numerical  efficiency  of  the  present 
implicit  scheme  from  being  severely  degraded  down  by  the 
coupling  (or  inter-action)  between  the  gas  and  liquid-phases. 
A  strategy  to  overcome  this  problem,  at  least  for  steady  state 
flows,  has  been  successfully  applied  to  die  present  study.  It 
will  be  described  in  this  section. 

C.2c(l)  Stochastic  Process 

As  mentioned  in  the  introduction  section,  there  are  two  types 
of  separated  flow  models  for  spray  computations.  One  is  the 
deterministic  separated  flow  (DSF)  model  and  the  other  the 
stochastic  separated  flow  (SSF)  model.  For  turbulent  flow 
calculations,  the  DSF  model  completely  neglects  the  disper¬ 
sion  effect  due  to  the  turbulent  motion  and.  therefore,  mean 
gas  flow  quantities  are  used  to  evaluate  the  right-hand-side  of 
F.qs.  (6)  and  (7).  In  the  present  study,  the  SSF  model  is 
applied  to  account  for  the  dispersion  effects  on  spray  charac¬ 
teristics  In  this  model,  the  pas-phase  velocity  fluctua¬ 
tions.//,  and  i, .are  generated  by  randomly  sampling  a 
Gaussian  piobnbilil)  density  distribution  having  a  standard 
deviation  of  (2k/3)1'.  The  instantaneous  velocities  are  then 
used  to  evaluate  Eqs.  (6)  and  (7).  A  fixed  number  of  samplin¬ 
gs  is  conducted  for  each  group  of  particles.  The  final  spray 
quantities  are  obtained  by  averaging  the  results  (source  terms, 
trajectories,.  . . .  etc.)  among  the  total  samples.  Details  of  the 
SSF  model  can  be  found  in  Refs.  26  and  33. 
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C.2c(2)  Determination  of  Spray  Time  Step 

For  spray  combustion  calculations.  there  are  several  time 
scales  involved  in  the  flow  field  which  can  differ  by  several 
ordrrs  of  magnitude.  The  chemical  reaction  time  scale  is 
usually  very  small  compared  with  (lie  rate  of  evolution  of  the 
gas  flow.  This  is  also  true  for  an  evaporating  spray.  I'o 
accurately  calculate  the  particle  trajectories,  size  and  tem¬ 
perature.  the  integration  time  step  has  to  be  small.  This  is 
especially  severe  as  the  droplet  becomes  smaller  and  smaller 
toward  the  end  of  its  lifetime.  For  an  unsteady  problem,  the 
time  step  for  the  entire  system  will  be  controlled  by  the 
smallest  time  step.  For  a  steady  state  calculation,  however,  the 
time  step  for  chemical  reaction  is  usually  not  a  problem  in  the 
present  lormulation  due  to  the  implicit  treatment  of  the 
chemical  source  term.  Our  experience  indicates  that,  for 
single-phase  combustion  calculations,  the  same  CFL  number 
usually  can  be  used  for  both  nonreacting  and  reacting  calcu¬ 
lations  with  the  present  MSIP  method.  This  ensures  that  the 
convergence  properties  for  reacting  flow  calculations  are  not 
degraded  using  the  present  numerical  algorithm.  However,  the 
time  step  for  spray  equations  still  remains  small  and  has  lo  be 
selected  (computed)  very  carefully  in  order  to  obtain  accurate 
spray  results  and  to  maintain  stability.  The  determination  of 
the  spray  time  step  will  be  discussed  here  and  how  the  spray 
interacts  with  the  gas  flow  is  described  in  the  next  section. 

The  spray  time  step  at  any  instant  of  time  along  its  trajectory 
is  determined  based  on  the  following  time  step  constraints:  ( 1 ) 
droplet  velocity  relaxation  time  (/,).  (2,  droplet  life  time  (/,). 
(3)  droplet  surface  temperature  constraint  time  (/,).  (4)  local 
grid  lime  scale  ( t ^  and  (5)  turbulent  eddy-droplet  interaction 
lime  (/,).  The  final  spray  time  step  (At  )  is  determined  by 
taking  the  minimum  of  the  above  five  time  steps  to  ensure  the 
accuracy  and  stability  of  the  spray  calculations.  A  factor 
between  0.1  and  0.5  is  further  used  to  multiply  the  selected 
time  step  in  the  current  spray  calculation  These  time  steps  are 
described  as  follows. 


In  order  to  ensure  the  success  of  the  temperature  calculation 
using  Eq.  (13),  the  exact  solution  of  the  inlinile  conductivity 
model  (or  uniform  temperature  model)  is  used  to  estimate  the 
time  step  for  the  present  vortex  model.  The  temperature 
equation  for  the  droplet  based  on  this  model  is 
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Equation  (17)  has  an  exact  solution  (after  local  linearization) 
m  the  following  form 

ATp  -a[ \  -  e  ■*'). 

where  A7^,  is  the  droplet  temperature  change  within  the 
integration  time  step.  .4,  A',  will  B‘  are  defined  as 
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Therefore,  a  time  scale  can  be  obtained  based  on  the  above 
solution  if  a  desired  AT(,  is  specitied.  This  lime  scale  is 
expressed  as 


In  our  spray  calculation,  ATp  >  3  K  is  specified  for  those 
particles  just  leaving  the  injector,  where  they  experience  a 
sudden  temperature  tump  and  A Tp  ■  0.5  K  for  the  rest  of  the 
calculation  toward  the  end  of  their  lifetime. 


Droplet  velocity  relaxation  time  (*,.):  The  local  linearized 
droplet  equations  of  motion.  Eqs.  (6)  and  (7).  have  exact 
solutions  in  terms  of  the  local  slip  velocity  with  an  expo¬ 
nential  decay  form.  The  tone  constant  for  the  exact  solution 
can  be  expressed  as 
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Droplet  life  time  (t,) :  To  ensure  that  the  drop  size  remains 
positive  for  the  practical  computational  purpose,  the  droplet 
lifetime  at  any  instant  of  time  is  estimated  by  the  following 
equation 


t,  *  — U— • 

MP  P/ 

Droplet  surface  temperature  constraint  lime  (ts):  When  the 
governing  equation  for  the  droplet  internal  temperature 
distribution.  Eq.  (13).  is  solved,  the  temperature  solution  can 
become  completely  incorrect  due  to  the  use  of  an  inappro¬ 
priately  large  time  step.  This  is  particular!)  important  for  fuel 
with  a  low  boiling  temperntire  (close  to  room  temperature). 


Local  grid  lime  scale  (1^:  A  particle  can  travel  across  several 

grids  and  may  experience  a  sudden  change  of  the  local  gas 

properties  if  the  time  step  is  too  large.  This  not  only  causes 

inaccuracy  in  the  integration  but  also  increases  the  difficulties 

of  locating  the  particle  positions.  Therefore,  a  time  stale.  f„. 

is  computed  to  ensure  that  the  particle  only  moves  less  than  • 

one  local  cell  size  in  one  time  step. 

Turbulent  Fddy -droplet  interaction  time  (l{):  According  to 
Sltuen  e<  al.  (Ref.  42).  a  particle  is  assumed  to  interact  with  an 
eddy  lor  a  lime  which  is  the  minimum  of  either  the  eddy  life¬ 
time  or  the  transit  time  required  for  the  particle  to  cross  the  | 

eddy.  These  limes  are  estimated  by  assuming  that  the  charac¬ 
teristic  size  of  an  eddy  is  the  dissipation  length  scale  as 


and  the  eddy  lifetime  is  estimated  ns 

i,.  *  /.,/( 2K/3)1-. 

Tlte  transit  lime  of  a  particle  was  found  using  the  linenriz.ed 
equation  of  motion  lor  n  particle  in  a  uniform  flow 
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where 


and  ii  ~  np  .  is  (lie  relative  velocity  at  the  start  of  the 
interaction.  When  >  r  |  u  -  up  | ,  the  linearized  stopping 

distance  of  the  particle  is  smaller  than  the  characteristic  length 
scale  of  the  eddy  and  Bp.  (18)  has  no  solution.  In  this  case, 
tiie  eddy  has  captured  the  particle  and  the  interaction  time  is 
(he  eddy  lifetime.  Therefore 

t,  -  if  Le>  r|  iT  -  ifp  | 
r,  -  min (r,.  r,).  if  Le  <  r|iT  -  ~r  | 


C.2c(3)  Interaction  Between  Two  Phases 

For  the  gas-phase  equations.  Eq.  (3).  the  presence  of  the  spray 
appears  in  the  form  of  a  source  term.  Hj.  This  source  term 
represents  the  interchange  of  the  mass,  momentum  and  energy 
between  two  phases.  As  the  particles  are  injected  into  the  flow 
domain,  their  subsequent  behavior  (positions,  velocities,  size, 
and  temperature)  is  affected  continuously  by  the  neighboring 
gas  properties  and  vice  vena.  Usually  a  large  number  of  spray 
particles  is  desirable  to  accurately  predict  the  spray  behavior. 
However,  this  requires  tremendous  computational  effort  for  the 
spray  calculation  /'one.  fo  minimize  the  computational  time 
for  the  spray,  the  spray  source  term.  Il(.  is  not  required  to  be 
updated  at  every  gas  phase  iteration  (pseudotime  time  march¬ 
ing).  Usually  the  spray  source  term  is  updated  every  10  to 
20  iterations  in  our  spray  calculations.  When  the  spray  source 
term  is  updated,  each  group  of  particles  is  integrated  either  to 
the  end  of  its  lifetime  or  until  it  leaves  the  computational 
domain.  It  should  be  noted  that,  for  the  present  steady  state 
spray  combustion  calculation,  the  spray  time  step  determined 
previously  is  independent  of  the  pseudotime  used  for  the  gas- 
phase  equations,  which  is  determined  mainly  from  the  obtain¬ 
able  maximum  CFL  number  accord-ing  to  the  local  system 
eigenvalues.  Therefore,  this  strategy  maintains  both  the 
efficiency  of  the  flow  solver  and  the  accuracy  of  the  spray 
Lagrangian  integration.  This  treatment  of  the  gas-liquid 
interaction  is  different  from  those  reported  by  Rajii  nnd 
Sirignano  (Ref.  17)  where  time-accurate  solutions  were  their 
primary  concern.  In  die  present  computation,  it  is  assumed 
that  upon  impingement  with  the  walls,  the  droplets  evaporate 
completely  and  assume  the  local  gr-s  flow  velocities.  The 
interpolation  of  the  gas-phase  properties  from  the  Eulerian 
grid  to  the  particle  location  and  the  redistribution  of  the  spray 
source  term  from  the  particle  location  to  (lie  Fulerian  grid  is 
applied  in  a  similar  way  as  discussed  in  Raju  and  Sirignano 
(Ref.  17). 

C.3  NUMERICAL  TEST  RESULTS 

In  this  section,  results  obtained  from  the  ALLSPD  algorithm 
with  and  without  spray  are  presented.  These  include  (I)  a 
nonreacting  turbulent  backward-facing  step  flow  to  demon¬ 
strate  the  validity  of  the  current  turbulence  model.  (2)  a 
single-phase  turbulent  reverse  jet  combustion  flow  to  assess 
the  present  combustion  treatment  and  (3)  a  spray  gas  turbine 


combustion  flow  to  qualitatively  demonstrate  the  spray 
calculation  for  a  complex  geometry  and  the  interaction 
between  the  two  phases.  The  spray  results  shown  here 
emphasize  the  numerical  aspect  rather  than  the  spray  physics. 
The  accuracy  validation  for  spray  calculations  will  be  consid¬ 
ered  in  future  calculations. 

C.3a  Backward-Facing  Step  Mow 

The  turbulent  backward- facing  step  flow  data  of  Kim  et  al. 
(Ref,  43)  for  a  two-dimensional  channel  with  an  inlet  to  step 
height  ratio  of  two  is  selected  here  to  test  (he  validity  of  the 
K-e  turbulence  model.  A  136  *  100  grid,  clustered  near  the 
step  and  the  top  and  bottom  walls,  was  used.  No  chemical 
reactions  were  included  in  the  calculation. 

The  particle  traces  of  the  flow  is  shown  in  Fig.  8.  The 
experimental  reattachment  length  given  by  Kim  et  al.  is  7.1  II. 
where  H  is  the  step  height.  The  predicted  value  in  our  calcula¬ 
tion  is  about  6.1  H,  which  represents  a  14  percent  under¬ 
prediction.  Figure  9  shows  the  mean  velocity  profiles  at 
various  axial  locations.  The  agreement  is  quite  good  in  all 
locations  except  near  the  reattachment  point.  The  profiles  for 
the  turbulent  kinetic  energy  nnd  turbulent  shear  stress  are 
given  in  Fig.  10.  Good  agreement  is  obseived  in  these  com¬ 
parisons.  Wall  pressure  coefficients  along  the  step-side  and 
opposite  walls  are  shown  in  Fig.  1 1 .  The  underprediction  of 
reattachment  length  is  also  evident  from  this  figure  The  pre¬ 
dicted  pressure  recovery  downstream  of  the  realtachmcnt  point 
is  in  excellent  agreement  with  measured  pressure  levels.  T  he 
convergence  history  for  this  calculation  is  illustrated  in 
Fig.  12.  The  convergence  property  for  the  calculation  is 
satisfactory. 

C.3b  Reverse  Jet  Combustion  Mow 

The  flow  configuration  is  a  5  ’  mm  I.D.  (inner  diam)  times 
457  mm  cylindiical  chamber  containing  a  reverse  jet  flame 
holder  which  issues  from  a  1.32  mm  I.D,  (6.33  mm  O.D.) 
tube.  The  jet  is  coincident  with  the  chamber  axis  and  located 
80  mm  upstream  from  the  chamber  exit.  Poili  the  mam  ami  jet 
flows  are  stoichiometrically  premixed  propane  and  air  at  a 
temperature  of  300  K.  with  a  mean  velocity  of  7.3  ms  for  the 
main  stream  and  133  m/s  for  the  jet.  A  complete  description 
of  the  flow  system  is  available  in  McDannel  et  al  (Ref.  44). 
A  1 17»()l  grid  (half  domain)  clustered  near  the  jet  lube  was 
used.  Five  species  (Cy/#,  V2,  N2,  C02 .  and  H20)  were 
considered  in  this  calculation  and  the  single-step  global 
reaction  chemistry  model  reported  in  Westbrook  nnd  Dryer 
(Ref,  43)  was  used  for  combustion.  Figures  13.  14.  and  15 
show  the  particle  (races,  velocity  vectors  (colored  by  tem¬ 
perature)  and  temperature  contours  of  the  reacting  flow, 
respect i'  el. .  The  experimentally  measured  temperatuie  con¬ 
tents  (directly  taken  from  McDannel  et  al.  (Ref.  44))  are  also 
presented  in  Fig.  15  lor  comparison.  The  flow  is  clearly  seen 
lo  const' (  ol  two  distinct  regions  -  the  recirculation  zone  and 
the  wake.  I  he  incoming  flow  is  ignited  by  the  hot  combustion 
gas  in  the  recirculation  zone  and  further  combustion  takes 
place  in  the  wake.  For  the  test  conditions  considered  here  the 
reverse  jet  senes  as  a  very  effective  flame  holding  i.-vice. 
The  results  in  Fig.  15  indicate  that  the  predicted  temperatures 
are  higher  than  the  measured  values.  This  is  mainly  attributed 
to  tbs  over-simplified  chemistry  model  used  in  the  present 
calculation.  As  reported  by  McDannel  et  al.  (Ref.  44),  there 
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was  a  significant  amount  of  carbon  monoxide  (CO)  observed 
in  (he  combustion  products,  which  lowered  the  combustion 
temperature.  Also  not  included  in  the  calculation  is  the  radia¬ 
tion  heat  loss  which  will  lower  (he  flow  temjverature  further. 
Ina  addition,  the  thermocouple's  used  in  the  measurements 
were  not  corrected  for  radiation  loss,  indicating  that  the  actual 
gas  temperatures  would  be  somewhat  higher  then  measured. 

C.3c  Gas  Turbine  Sprm  Combustion  Mow 

A  simplified  model  of  General  Electric's  BEE  (Energy 
Efficiency  Engine)  combustor  is  considered.  Figure  16  shows 
the  clustered  8 1  "65  grid  for  this  calculation  and  the  general 
engine  grid  layout  for  the  entire  engine  (Ref.  46).  It  is  an 
annular  combustor  with  a  dual  can  combustor  dome.  The 
cooling  air  through  (lie  internal  walls  (two  combustor  domes) 
was  omitted  for  simplicity.  Also,  the  swirling  effect  was  not 
included  in  the  calculation.  The  present  crlculation  docs  not 
completely  simulate  the  typical  gas  turbine  combustion 
characteristics,  in  which  swirling  and  cooling  are  Ihe  two 
important  ingredients.  We  would  like  to  emphasize,  in  the 
present  study,  that  the  focus  is  to  demonstrate  the  effective¬ 
ness  of  the  interaction  between  the  two  phases  based  on  the 
present  spray  solution  piocedure.  Fuilher  studies  with  this 
algorithm  will  lie  conducted  both  on  the  spray  accuracy 
evaluation  and  on  the  detailed  swirling  and  cooling  computa¬ 
tion  for  gas  turbine  combustor  configurations. 

For  the  present  spray  combustion  calculation,  the  spray 
injectors  were  located  close  to  the  inlet  of  the  combustor 
domes.  One  hundred  spray  groups  with  10  random  samples  for 
each  groups  were  used,  which  can  be  seen  in  Fig.  17.  The 
case  studied  here  has  a  flow  Reynolds  number.  Re  «  1 .05*  10\ 
where  the  Reynolds  number  is  based  on  the  inlet  maximum 
velocity  and  combustor  inlet  height.  The  inlet  air  temperature 
is  900  K  and  the  pressure  is  I  aim.  The  liquid  n-pentnne  fuel 
was  used  and  five  species  (CjW/2,  02.  N2,  C02.  and  H2(» 
were  considered  in  this  calculation.  Again,  the  single-step 
global  reaction  chemistry  model  reported  in  Westbrook  and 
Dryer  (Ref.  45)  was  used  for  combustion.  The  fuelair  ratio  is 
0.02  (total  fuel  injected/total  incoming  air  at  the  inlet,  includ¬ 
ing  bypass  air).  The  injection  velocity  of  the  liquid  fuel  at  ihe 
exit  of  the  fuel  nozzle  is  20  m  s  and  the  temperature  is  290  K. 
The  liquid  fuel  was  assumed  to  be  fully  atomized  with  the 
initial  diameters  ranging  from  20  to  100  pm.  The  liquid  fuel 
was  injected  into  the  gas  flow  after  the  gas  flow  had  been 
iterated  to  reach  a  neaily  steady  stale  solution.  Upon  the 
injection  of  the  fuel,  the  cool  fuel  was  suddenly  exposed  to  a 
hot  environment  and  the  interaction  between  the  two  phases 
took  place  in  terms  of  the  interchange  of  mass,  momentum 
and  energy.  An  ignition  source  was  plac'd  downstream  of  the 
injector  to  ignite  the  "burning"  of  the  fuel-air  mixture.  I  he 
ignitor  was  turned  on  right  after  the  initiation  of  the  spray  and 
was  turned  off  when  the  tenifieralure  in  any  of  the  ignition 
computational  cells  reached  1600  K.  The  spray  source  term. 
H|.  m  Eq.  (3)  was  ujxlated  (computed)  every  20  gas-phase 
iterations.  The  converged  results  are  presented  in  the  following 
figures 

Figure  10  shows  Ihe  pailicle  trajectories  The  dots  in  the 
figure  are  not  scaled  to  indicate  the  relative  size  of  the  actual 
liquid  particles,  although  smaller  particles  evaporate  much 
Ittster  than  bigger  ones.  The  computed  velocity  vectors  colored 


with  temperature  are  presented  in  Fig.  18.  where  a  converged 
solution  of  the  cold  flow  (nonspray/noncomhuslionj  with  Ihe 
same  flow  condition  is  also  included  for  comparison.  The 
combustion  zones  are  confined  near  the  inner  walls.  Tins  is 
mainly  due  to  the  exclusion  of  the  swirlers  at  the  inlet  of  the 
combustor  domes  in  ihe  present  calculation.  Without  swirl.  Ihe 
degree  of  Ihe  fuel-air  mixing  is  relatively  poor.  As  may  be 
noted,  there  is  no  flame  holding  device  lor  the  present 
calculation.  The  recirculation  zones  near  the  inner  walls  are 
Ihe  only  devices  to  hold  Ihe  flame.  Figure  19  shows  Ihe  Smiter 
mean  diameter.  D,2.  along  the  averaged  trajectory  for  both  the 
lower  and  upper  domes.  The  increase  of  the  DJ2  right  after  the 
injection  indicates  the  rapid  evaporation  of  the  smaller 
particles.  After  reaching  a  peak,  both  mean  diameters  gradu¬ 
ally  decrease  ns  more  and  more  particles  evaporate.  To  show 
the  convergence  properties  for  both  nonreoctmg  and  spiay 
combustion  cases,  the  convergence  histories  for  both  cases  are 
shown  in  Fig.  20.  As  can  be  seen  in  Ibis  figure.  Ihe  spray  was 
initiated  after  the  gas-phase  solution  had  been  iterated  1000 
times.  A  sudden  disturbance  from  the  spray  injection  cuuses 
the  L2  norm  residual  (o  jump  to  a  level  higher  Ilian  the  initial 
gas-phase  residual.  As  more  and  more  spray  particles  evaj*'- 
rate  and  undergo  combustion,  the  interaction  between  two 
phases  can  be  clearly  identified  in  this  convergence  pattern. 
Since  in  the  present  calculation,  the  spray  source  term  was 
updated  every  20  gas-phase  iterations,  a  small  residual  spike 
along  the  convergence  history  can  be  seen  very  clearly.  These 
small  spikes  jiersist  toward  the  end  of  the  present  computation. 

D.  CONCLUDING  REMARKS 

Much  work  is  required  to  develop  a  CFD  code  to  Ihe  level 
necessary  for  a  designer  lo  be  able  lo  use  it  w  ith  confidence. 
We  at  NASA  are  proceeding  with  a  commitment  to  do  tins.  A 
three-dimensional  version  of  our  ALLSPD  will  be  developed 
shortly  and  extensive  validation  against  exjverimental  data  will 
be  performed.  At  the  same  time  we  are  exploring  the  use  of 
advanced  modeling  lo  belter  represent  the  llow  physics  and 
chemistry  of  turbulent  combustion.  For  example,  modeling  of 
dense  sprays  and  sprays  at  super-critical  conditions  will  he 
investigated.  Modeling  of  Ihe  turbulence  and  chemistry  inter¬ 
action  will  be  explored,  using  techniques  such  as  PDF 
methods  The  use  of  reduced  hydrocarbon  chemical  kinetics 
models  which  represent  the  actual  combustion  processes  ,m- 
also  necessary.  And  finally,  an  improved  model  to  represent 
potentially  high  levels  of  radiation  heat  transfer  is  also  needed. 

The  state  of  art  for  numerics  also  continues  to  advance  at  a 
rapid  pace.  Our  code  will  be  modified  in  the  future  as  oppor¬ 
tunities  arise  in  areas  such  as  unstructured  grids  and  massively 
parallel  computing.  This  ongoing  effort  to  pioduce  a  modern 
chemical  leading  flow  (TD  code  holds  promise  lo  |iro\  ate  a 
powerful  design  tool  for  the  industry's  use  in  (he  analyses  of 
the  ne\i  veneration  of  gas  turbine  engine  combustor  concepts 
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Figure  1  .—Schematic  drawing  of  the  combustor. 
Dimensions  in  mm. 


Figure  2.— Optical  configuration  of  the  phass/Doppler 
particle  analyzer. 


Mean  angUar  velocity,  m/s  Mean  radM  velocity,  m/s  Mean  axM  velocity,  m/s 


°  Single  phase,  IsothtrmsI 
«  Combusting  spray 


-40 


n  ..£ — l 


JQ _ i 


(a)  Mean  axial  velocity. 


30 


-60  -40  -20  0  20  40 


Radius,  mm 
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Figure  3.— Qaa  phrte  mean  velocity  at  5  mm  down¬ 
stream. 
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Figure  •?  -Qaa  phase  fluctuating  velocity  at  S  mm  down¬ 
stream. 
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o  Experiment  of  Kim  et  *1.,  I960 


(b)  Opposite  wall. 

Figure  11  .—Comparison  of  the  wall  pressure  coefficients 
‘or  the  turbulent  backward-facing  step  flow. 


Figure  1 3.— Particle  traces  for  the  reverse  Jet  combustion 
flow. 


Figure  14.— Velocity  vectors  (colored  by  temperature)  for 
the  reverse  jet  combustion  flow. 
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Figure  12.— Convergence  history  for  the  turbulent  backward- 
facing  step  flow 
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(a)  Experimental  data  (from  McDannel  et  al.). 


(b)  Numerical  predictions. 


Figure  1 5.— Comparison  of  the  temperature  predictions 
with  the  experimental  data  for  the  reverse  jet  combustion 
flow. 
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Figure  1 6.— Center-plane  cut  for  GE's  E3E  gas  turbine 
engine  and  the  grid  for  the  2-0  combustor. 


Figure  1 7. — Liquid  fuel  particle  trajectories  for  the  2-D 
gas  turbine  spray  combustion  flow. 
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(a)  Non-combustion  flow  (cold  flow,  no  spray).  (b)  Spray  combustion  flow. 


Figure  18.— Velochy  vectors  (colored  by  temperature)  for  (a)  non-combustion  and  (b)  spray  combustion  cases  for  the  2-D 
gas  turbine  spray  oombustion  flow. 
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Figure  1 9. — Sauttr  mean  alametsz  distribution  for  upper 
and  lower  combustor  domes  Hong  the  averaged  tra¬ 
jectory  for  the  8-0  gas  turbine  spray  combustion  flow. 


Number  of  Iterations 

Figure  20.— Convergence  history  for  both  non-combus¬ 
tion  and  spray  combustion  cases  for  the  2-0  gas  tur¬ 
bine  spray  combustion  flow. 


Discussion 

Question  1. 

You  mentioned  that  one  of  the  objectives  of  the  new  CFD  model  is  that  it  is  more  efficient  than  the  TEACH  or  other  codes.  Can 
you  gi  ve  us  some  idea  of  these  improvements? 

Author’s  Reply 

The  code  is  designed  to  be  more  robust  and  efficient  than  the  TEACH  type  codes.  The  TEACH  type  codes  use  explicit  or  semi 
implicit  treatment  of  the  chemical  source  terms  and  a  sequential  solution  approach.  The  ALLSPD  formulation  utilizes  a  strongly 
coupled  and  implicit  numerical  scheme  to  solve  the  governing  flow  equations.  A  two-dimensional  version  of  the  code  will  be 
released  in  June,  1993.  It  is  for  domestic  use  only. 
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RESUME 

Ce  papier  prdxcnte  ties  rdsultats  expdrimentaux,  ties  modules  ct 
des  simulations  numdriques  rclatifs  au  comportement  dc  la  phase 
liquide  dans  les  chambres  dc  combustion.  Ces  dtudes  conccrnent 
Ics  conditions  initidi  les  conditions  au .  mites  et  les 
validations  des  meddles  des  diffdrents  processus  physiques  qui 
doivent  due  intdgids  aux  codes  dc  calculs  d'dcoulements  rdactifs. 
Plusieurs  experiences  sent  prdsentdes :  caractdrisatior,  d  un  jet  de 
gouttes  en  sortie  d’injecteur  adrodynamique,  dispersion  des 
gouttes  dans  une  turbulence  de  grille  et  dans  un  dsoulement 
fortement  instationnaire  (zone  de  mdlange,  marche),  trajectoires  et 
dvaporation  des  gouttes  dans  un  dcoulement  tuibulent,  interaction 
des  gouttes  avec  une  paroi  chaude.  Les  caractdrisations  des 
dcoulements  diphasiques  sont  rdalisds  par  LDA  et  Til  chaud  pour 
la  phase  gazeusc  et  par  andmogranulomdtric  Phase  Doppler  et 
techniques  viddo  rapide  assocides  au  traitement  d'image  pour  la 
phase  liquide.  Les  techniques  viddo  et  le  traitement  d'image 
permettent  de  restituer  les  trajectoires  des  gouttes,  leur  vitesse 
ainsi  que  les  principales  statistiques  de  la  dispersion  ttrajectoire 
moyenne,  enveloppe,  taux  de  prdsence).  Les  rdsultats 
expdrimentaux,  cn  particular  ceux  provenant  de  la  dispersion  des 
gouttes,  sont  compards  avec  des  rdsultats  de  simulations 
numdriques.  La  mdthodc  lagrangienne  est  utilisde  pour  le 
transport  des  gouttes,  leur  dispersion  peut  dtre  calculde  &  partir 
des  deux  approches  suivantes  [1,2] : 

-  la  phase  gazeusc  est  calculde  par  simulation  dircete,  un  moddle 
ddterministe  est  retenu  pour  le  transport  des  gouttes, 

-  la  phase  gazeuse  est  calculde  &  partir  d'un  moddle  de  turbulence 
du  type  K-f,  des  moddles  stochastiques  sont  utilisds  pour  lc 
transport  des  gouttes. 

En  conclusion,  seront  ddduits  les  moddles  les  plus  approprids  aux 
dcoulements  diphasiques  dtudids. 

LISTE  DES  SYMBOLES 
Dp  diamdtre  de  la  particule 
Vp  vitesse  de  la  particule 
Cd  coefficient  de  tralnde 
p  masse  volumique  dc  l'air 
Pp  masse  volumique  de  la  particule 

V  vitesse  de  l'air 
Ca  coefficient  de  masse  ajoutde 
Cn  coefficient  d'histoire 
p  viscositd  dynamique  de  l'air 
g  accdldration  de  la  pesanteur 
T|  dchelle  intdgrale  temporclle 
Ld  dchelle  intdgrale  spatiale 

Td  temps  d’interaction  de  la  particule  avec  un  tourhillon 
Xr  abscisse  du  point  de  recollement 
Op  tension  superficielle  de  la  particule 
We  nombre  de  Weber 

XL  ddrivde  matdrielle  fluide 
Dt 

LL?  ddrivde  matdrielle  particulaire 

Dt 


1.  INTRODUCTION 

Dans  les  dcoulements  rdactifs  tridimensionnels  des  chambres  de 
combustion  de  turbordacteurs  ou  de  statordacteurs  interviennent 
des  processus  physiques  trds  complexes  qui  interagissent  : 
adrodynamique  3D  turbulente  et  fortement  instationnairc, 
combustion  turbulente,  transfert  de  ciialeur,  cindtique  chimique 
complexe.  Dans  le  cas  d’injection  de  carburant  liquide  !a 
complexitd  de  ces  processus  deviem  plus  importante  &  cause  dc  la 

firdsence  des  deux  phases.  Le  systdme  d'injection  de  carburant 
iquide  a  une  influence  prdponddrante  sur  les  performances  des 
foyers  (plages  dc  stabilitd,  rendement  de  combustion...).  Le 
ddveloppement  rapide  des  calculateurs  et  des  procddurcs  de 
rdsolution  numdrique  permet  actuellement  la  moddlisation 
d'dcoulements  rdactifs  tridimensionnels.  Gdndralement,  dans  ces 
codes,  le  carburant  est  sous  forme  gazeuse  dds  son  injection 
dans  la  chambre.  Pour  la  prise  cn  comptc  du  carburant  sous  sa 
forme  liquide  dans  ces  simulations  numdriques,  une  bonne 
connaissance  des  conditions  initialcs  (conditions  d'injection),  des 
conditions  aux  limites  (conditions  en  paroi)  et  des  phdnomdnes 
physiques  dldmentaires  (dispersion,  dvaporation  et  combustion  de 
gouttes...)  est  ndeessaire  pour  rendre  ces  codes  les  plus  prddictifs 
possible  (figure  1).  Un  programme  de  recherche  sur  ces 
diffdrents  phdnomdnes  a  dtd  initid  au  CERT/ONERA,  dims  lequel 
la  simulation  numirique  el  iapproche  expFrimentale  sont  mendes 
en  paralldlc.  Les  conditions  initiates  (rdpartition  des  diamdtres, 
des  vitesses  moyennes  et  des  ddbits  de  gouttes)  sont  obtenues 
expdrimentalemenl  par  andmogranulomdtrie  et  par  techniques  de 
visualisation  et  de  traitement  d'image.  Les  conditions  aux  limites 
concement  principalement  les  phdnomdnes  d'intcraction  des 
gouttes  avec  les  parois  (rebond  des  gouttes,  formation  et 
dvaporation  d'un  film  liquide  sur  la  paroi).  Les  phdnomdnes 
physiques  dldmentaires  tels  que  la  dispersion,  1'dvaporation  et  la 
combustion  des  gouttes  font  l’objet  d'dtudes  plus  approfondici. 
L'objet  de  cette  contribution  est  done  dc  prdsenter  les  diffdrentes 
approches  expdrimentales  et  de  calcul  numdrique  suivies  au 
CERT/ONERA  pour  les  dtudes  des  diffdrents  processus 
physiques  lids  &  l'injection  dc  carburant  liquide  dans  les  chambres 
de  combustion. 


Ill.M  COd'ICS  IMI'ACT 


Figure  1  :  Principaux  phdnomdnes  physiques 
dldmentaires  lids  au  carburant  liquide 


Presented  at  an  A(iARl)  Meeting  on  'Fuels  and  Combustion  Technology  for  Advanced  Aircraft  engines',  May  IW. 


2.  CARACTER1SATION  D'UN  INJECTEUR 
AERODYNAMIQUE 

Le  comportement  d  un  jet  de  gouttes  a  unc  influence  directc  sur 
les  performances  d'une  ehamnre  de  combustion.  Dos  analyses 
detail ldcs  sont  ndeersaires  en  tunt  que  conditions  initiates  pour  la 
moddlisation  ct  pour  une  bonne  comprehension  des  processus 
physiques  (mdlan^e  entre  phases,  transport  de  gouttes  et 
combustion)  qui  se  produisent  dans  les  ehamhres  de 
combustion, 

Avec  le  ddveloppement  rdeent  des  mdthodes  optiques  non 
intrusives  telle  que  PID  (Phase  Doppler  Interferometry)  [3,41,  il 
est  possible  d'obtenir  une  mesure  de  la  distribution  des  tailles  de 
gouttes,  de  la  vitesse  des  gouttes  ct  du  tlux  massique  de  la  phase 
tiilude. 

2.1  Montage  experimental 

L'injecteur  retenu  pou"  cette  dtude  est  represent^  sur  lu  figure  2. 
II  s'agit  d'un  injecteur  adrodynamique  (airhlast)  utilisd  dans  les 
ehamhres  de  combustion  de  turbordacicurs.  Les  conditions 
d'essais  sont  les  suivantes  : 

-  pression  atmosphdrque 

-  ddbit  de  liquidi  (eau) :  4, 1  g/s 

-  perte  de  charge  :  Ap/p  =  4  % 

L'andmogranulomdtre  Phase  Doppler,  utilisd  pour  caractdriser  le 
spray,  est  un  muddle  &  deux  composantes  (Aerometries  PDPA 
System  2(X)).  Les  deux  volumes  de  mesure  sont  produits  en 
sdparant  la  raic  488  nm  (hleu)  el  la  raie  514,5  (vert)  d'un  laser  4 
Argon.  Les  mesures  sont  faites  dans  trois  plans  siluds 
respeetivement  4  4,5  mm,  16,4  mm  et  36,4  mm  de  la  sortie  de 
l'injecteur  (figure  3).  Dans  chaque  plan  un  mailhge  'maiPe  5 
mm)  a  die  adopid  el  tn  chaque  point  de  ce  maillage  nous  avons 
enregistrd  4000  dvdnements.  Les  rdsultats  donnds  par  le  PDPA 
sont  les  histogrammes  de  taille  et  de  vitesse,  la  valeur  de  de.isitd 
de  gouttes  et  les  corrdlations  taille-vitcsse.  Cependant  nous  ne 
prdsentons,  pour  ect  injecteur,  que  les  paramdtres  d'intdret 
immddiat  tels  que  le  diamdirc  moyen  de  Sauter  (DMS),  ct  les 
composantes  de  la  vitesse  moyenne  des  gouttes. 

La  phase  gazeusc  a  dtd  caractdrisde  par  technique  LDA. 
L'dcoulement,  cn  l'absence  de  gouttes,  diant  ensemened  par  des 
particules  sub-microniques. 

2.2  Rdsultats 

a)  Distribution  de  taille 

Prds  de  l'injecteur  (/.  =  4,5  mm  :  figure  4),  nous  notons  une 
rdpartition  en  "dome" :  les  vrilles  internes  et  extemes  produisent 
une  distribution  de  taille  presque  uniformc,  mais  les  jets  4 
1'extrdmitd  du  bol  provotjuent  une  atomisation  secondaire  que 
l'on  retrouve  en  pdriphdric.  Des  grosses  gouttes  sont  observdex 
au  centre  :  elles  doivent  6tre  produites  par  arrachement  de  la 
nappe  liquide  annulairc  par  le  swirl  interne. 

Plus  en  aval  (/.=  16,4  mm  :  figure  5)  la  distribution  de  taille 
s'dlargit  L'dcoulement  toumant  fait  rccirculer  des  petites  gouttes 
vers  le  centre  [5,6].  Les  jets  de  bols  forment  des  indentations  sur 
la  pdriphdric  du  spray. 

Dans  la  demidre  section  (z  =  36,4  mm  :  figure  6),  la  distribution 
de  gouttes  est  plus  uniforme  en  pdriphdrie  et  Tangle  du  spray 
augmente  par  effet  de  swirl.  Nous  rctrouvons  loujours  les  petites 
gouttes  dans  la  partie  centrale. 

b)  Chany)  de  vitesse,  comparaisvn  entre  phases: 

Des  prouls  suivant  un  diamdtre  montreni  les  variations  locales  de 
vitesse  moyenne  des  gouttes  (vitesse  axiale  :  figure  7,  vitesse 
radiate  et  vitesse  tangcntielle  :  figure  8). 

Plan  Z  =  4,5  mm 

Prds  de  l'injecteur,  la  vitesse  axiale  prdsente  deux  maxima  :  ils 
sont  dQs  aux  vrilles  interne  et  exteme.  La  vitesse  au  centre  est 
nulle  indiquant,  sans  doute,  le  ddbut  de  la  recirculation  causdc 
par  le  mouvement  toumant.  Les  gouttes  out  une  vitesse  assez. 
uniforme,  avee  des  petits  pies  sur  I'extdrieur,  traduisant 
I'lnfluence  des  jets  issus  des  trous  de  bol.  La  phase  gazeusc  a  une 
vitesse  tangenticllc  plus  importante  que  eelle  de  la  pha.-,r 
dispersde.  les  effelx  radiaux  sont  assez.  similaircs  pour  les  deux 
phases,  tout  en  rcstant  faibles. 


OH  I '»(£’»  do  t'oi 
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Vrille  interne 


Figure  2  :  Schema  de  l’injecteur  et  debits 

a6rodynamiques 


Figure  3  :  Syst6me  d'axes  et  plans  de  mesure 


Figure  4  :  Distribution  du  DMS  ( Z=  4,5  mm  ) 


Figure  5  :  Distribution  du  DMS  ( Z=  16,4  mm  ) 


Figure  6  :  Distribution  du  DMS  ( Z=  36,4  mm) 


Figure  7  :  Profils  de  vitesse  axiale  dans  les  trois  plans 
Phase  gazeuse  IDA  :  A 

Phase  disperses  PDPA  0 


Figure  8  ;  Profils  de  vitesses  radiale  et  tangentielle 
dans  les  trois  plans 

Phase  gazeuse  LDA  Vt  -tA—  Vr— A— 
Phase  disperse  PDPA  Vt  Vr  — O- 


36-4 


PlanZ-  I  ft,  4  mm 

L.a  vitesse  axiale  prdsente  foujours  deux  pies  el  au  voisii.uge  de' 
I'axe  nous  trouvons  une  /.one  d'dcoulemeni  do  retour.  L.a  vitesse 
axiale  des  gouttes  uugmcnte,  el  nous  noions  une  vitesse  ndgative 
sttr  I'axe.  Sur  les  distributions  de  faille,  nous  avons  irouvC  dans 
eette  /one  des  petites  gouttes,  qui  ont  dte  entrafndes  par  la 
recirculation.  Les  gouttes  i.nt  des  vitesse  ladialcs  faibles,  par 
centre  leur  vitesse  tangcnticlle  commence  4  uugmentcr. 

Plan  Z  -  .15.4  mm 

Les  pro It  Is  de  vitesse  pour  les  deux  f  buses  sont  ires  .semblablcs. 
nous  notons  un  d la rgis.se men t  des  pies,  ee  qui  indique  line 
expansion  du  spray.  La  vitesse  tangenticlle  des  gout  us  est  trds 
proche  de  la  vitesse  tar.gcntielle  de  la  phase  continue. 

2.3  Conclusion 

Cette  dtude  mo  rare  quclques  caracldristiques  dun  spray,  produit 
par  uii  mjccicur  adrodyn  antique,  obtenues  par  de1  mdthndcx  non 
intrusivt's  'LDA  et  PDPA). 

l  a  ptdsence  du  spray  change  la  structure  de  I'dcoulemem  en  /one 
proebo  de  I’injeeteur.  En  aval,  pour  les  trois  sections  de  mesne . 
nous  norms  une  aeed h? ration  des  gout’  's  II  va  done  un  del  .ee 
de  quantile  de  mouvement  entre  la  phase  dispersde  et  la  phase 
continue.  Les  profils  de  vitesse  dans  le  demier  plan  montrem  que 
l'adrodynamique  est  reeonslitude.  La  rdpartition  de  vitesse  d<  > 
goalies  et  le  flux  volumique  sont  influences  par  la  dynamique  de 
I'deoulcment  toumant. 

Afin  d'dtudier  l’inliuenee  de  la  turbulence  sur  les  phenoindnes  de 
transport  entre  phases,  une  approche  simplifiee  consiste  4 
dtudier  I'intiaaetion  entre  ties  gotitte-,  .nonodisperses  et  un  type 

donnd  de  turbulence  (glosses  ou  petites  structures).  Ce  point 
constilue  la  suite  de  eette  prdscntalion. 

3.  SIMULATION  Nl'MERIQUE 

L'approchc  L  mieux  adaptde  4  I'dtude  du  transport  ties  gouttes 
dans  un  champ  adrodynamique  turbulent  et  rdaetif  est  I'apnrochc 
lagrangienne.  La  ddtei miration  des  trajeetoires  des  gouttes 
injeetdes  dans  I'deouii  nieitl  ndeessite  ia  resolution  de  I'dquation 
de  leur  mouvement. 


3.1  Equation  du  mouveirtnt  di  ne  particule 

L'dt|u;ttion  du  mouvement  d  tine  par.ieule  sphdnque  repose  sur  la 
thdoric  lindaire  de  Stokes  1 7.8 1  dlendne  par  OPAR  et 
HAMILTON  |9|.  Les  hypotheses  qui  ont  permis  d'dtahlir  eette 
equation  sont : 

-  les  particules  sont  sphdriques  et  inddformables, 

-  les  particules  ne  sont  pas  en  rotation, 

-  la  densitd  de  particules  est  suffisamment  faible  pour  qu'elles 
n'agissent  ni  entre  elles  ni  sur  I'deoulcment  porteur, 

-  le  diamdtre  des  particules  est  infd.ieur  4  I'debelle  de 
Kolmogorov. 

F.n  prdsence  de  gradients  de  vitesse  important.  I'dquation  du 
mouvement  d'une  particule  sphdrique  s'dcrit  de  la  maitidre 
suivante  : 


Pp  nDi  ^  „ 

H|>  6  dt 


|  cdpit  Dp||v-  Vp||(V  -  Vp) 
P  ‘  fi  '  Dt  dt 


(VI) 


It 


rtf)’ 


La.1  premier  tertne  du  second  rnemhre  reprdsente  la  force  de 
trainde.  I.e  second  ternie  correspond  an  'terme  de  masse  aioutde", 
it  traduit  le  I'ait  qu'une  accdlcration  de  la  particule  entraine  une 
acedlerat.on  d  une  eertaine  masse  de  fluide  aulour  d'elle  le 
troisidme  terme  roprdsente  les  diets  de  gradient  de  pression  4  la 
surface  de  la  particule  sphdnque.  le  qu.it rid ine  terme  est  appele 
terme  "d'histoire''  tui  de  Basset  il  tient  eornpte  de  revolution  Ju 
miniveinem  au  enure  du  temps  en  prenani  en  eompie  les 
variations  de  la  vitesse  relative  «ux  instants  antdrieurs  I.nfu;  le 
demier  teitr.e  correspond  aux  forces  Jo-  volume  •  p  uds  et  pous-dc 
d'Archirndde 


Si  pp  »  p,  ee  qui  est  le  cas  dans  nos  dudes.  Jet  Simula) ton 
mimdriques  1 7.8, 10)  o.it  mor.tn*  que  les  terr.ies  de  m-ssc  jjoutec 
de  gradient  de  pression  el  d’hislnti*'  peuveni  ctre  ndgligds  Le 
systdnie  dequatua.s  4  tdsoudre  pour  suivre  la  particule  au  coitrs 
de  son  nouvement  est  done  : 


if '  os 


if-’ 
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3.2  Approche  deterministe 

Pour  pouvoir  intdgrer  le  systdme  d'dquations  (3.2)  el  ddtemiiner 
les  trajeetoires  de  particules  injeetdes  dans  un  dcoulement 
turbulent,  i!  est  ndcessaire  de  connaitre.  4  chaque  pas  de  temps, 
les  vitesscs  instantandes  du  fluide  et  des  particules.  I  tne  prernidre 
mdthode,  pernettant  de  calculer  le  champ  adixidynamique  4  u  at 
instant,  consiste  4  utiliscr  un  code  de  calcd  instationnaire  1 1 1 1. 


Les  trajeetoires  des  particules  sont  alors  ealculdes  en  prvnant  pour 
vaieurs  des  viusses  instantandes  les  valours  des  vitesses  de  la 
phase  3a2eu.se  au;;  points  ou  se  trouver.l  les  particules  1 10). 

3.3  Modeies  stochastiques 

Une  seconde  fay  on  de  moddliser  un  champ  adrodynamique 
instantand  consiste  4  rcconstruirc  celui-ci  4  partir  d  un  champ 
moyen  obtenu  4  I'aide  d  un  meddle  de  turbulence,  en  ddtcrminuni 
les  flueiuations  de  vitesse  par  un  titage  aldatoirc  ;  un  tel  moddh 
est  dit  stochastique. 

Aprds  avoir  reconslitud  le  champ  adrodynamiquc  instantand.  on 
ealculc  la  traieetoire  de  la  particule  dans  ee  eh.unp  pendant  un 
temps  T,  ou  sur  une  distance  L.  en  conversant  les  memes  vaieurs 
de  vitesscs  lluctuan.es  pour  la  phase  continue.  Au  bout  du  temps 
T.  ou  lorsque  la  particule  a  parcouru  la  distance  1.,  on  elfeetue 
une  ddcoirdiation,  e'est  4  dire  un  nouveau  tirage  des  fluctuations 
de  vitesse  de  la  phase  ga/eusc,  puis  on  rditdre  le  processus. 


Mode  les  "Monte -Curb" 

Ce  sont  les  moddles  les  plus  anciens  et  les  plus  rdpandus.  ils  ont 
did  utilisds  de  munidre  extensive  poui  I'dtude  de  jets, 
d'deoulements  eonfinds  ou  de  "swirls'  diphasiques.  I’armi  ceux- 
ei  ont  dtd  a'tenus  les  trois  muddles  suivants  : 

a)  Moddle  I  1 12) 

I  e  premier  mixidle  que  nous  avons  utilise*  rcberi  h<‘  sculcmeni 
unecomptabilitd  tempo  relic  avee  la  turbulence. 

Soil  to  I'instant  d'injeclion  d  une  particule.  On  calcule  i'eihelle 
intermit  ter,.porelle  T|,  puis  on  gdndre  les  vitesses  fluciuantcs  du 
fluide  4  la  position  d'injeclion  pur  un  tirage  aldatoirc  scion  une 
distribution  normals'.  Enfin,  err  id  sol  van  t  le  systdme  ddcjuations 

(3.2).  on  calcule  la  position  de  la  particule  4  (  instant  '  =  l,,  ♦  At 
Tant  que  l  resin  infdrieur  4  T|  on  ddiermme  les  positions 
success)  ves  de  Ia  panicule  cn  conservant  les  memes  vaieurs  pour 
les  fluctuations  de  vitesse .  (Juand  t  dcvicni  plus  grand  que  1 1,  on 
gdndre  de  nouvelles  vitevscs  fluctuantes 

b)  Moddle  2  1 1 2 1 

Ce  moddle  reldve  d’une  mdthode  idemique  4  eelle  du  moddle 
prdeddeni  sauf  que  le  critda’  de  ddcondlauon  tcmporelle  nest  plus 
basd  sur  I'debelle  intdgrale  tcmporelle  Ij  mais  >  jr  le  temps 
d' interaction  de  la  particule  avec  le  tourhilhm  qu  elle  traverse  I  j 


,V>-5 


Bn  cffel.  si  la  vitesse  relative  de  la  particule  par  rapport  &  la  phase 
gazeusc  est  faihle,  il  est  possible  qu'elle  teste  dans  un  tourhillon 
pendant  toute  la  durdc  de  i'existence  de  cclui-ci  alors  quo,  si  la 
vitesse  relative  de  la  particule  est  importantc.  die  va  traverser  lu 
siructure  tourbillonnaire  et  done  son  temps  de  transit  it  "imdrieur 
de  cellc-ci  sera  plus  court  que  T|. 

c)  Moddle  3 1 1.1) 

C'est  le  module  utilise*  par  DIAKOUMAKOS  et  al,  il  est  lout  fait 
analogue  au  module  2  auqud  on  ajoute  un  entire  spatial  pour  les 
ddcorrdlations.  On  considdre  qu’une  particule  est  en  interaction 
avee  un  tourhillon  non  seulcmcnt  si  le  critdre  temporel  du  muddle 
2  est  respeetd,  inais  aussi  si  la  distance  parcouruc  depuis  la 
ddcomJIation  prdeddente  est  inldneure  it  Hchelle  integrate  spatiale 
Ld. 

Minifies  a  deux  particules 

Dans  ees  muddles,  plus  sophistiquds  que  les  approches  de  type 
Monte-Cario,  on  suit  simultandment  une  particule  discrete  (P)  et 
une  particule  fluidt  (F)  et  on  ddtermine  la  vitosse  du  fluido  au 
point  P  en  function  de  la  vitessc  du  fluide  au  point  F  en  respectant 
les  corrdlations  spatiales  euldriennes. 

On  ddfinit  un  critdre  de  ddcorrdlation  tempotdle  et  un  domainc  dc 
corrdlation  spatialc  de  rayon  Ld  nour  chaque  particule  fluide. 
Lorsque  la  distance  FP  devient  supdrieure  L  Ld.  on  considdre  une 
autre  particule  fluide  dont  on  simulc  la  trajeetoire  5  partir  des 
coordnnndcs  du  point  P  it  1'instam  de  ddcorrdlation  :  ce 
changcment  de  particule  iluide  est  connu  sous  le  nom  dc 
" pheno.tene  de  croisement  de  trajectoires" ,  Deux  moddles  \  deux 
particules  ont  did  choisis  : 
a)  Moddle  SCOPE  1 14|  (muddle  4) 

Le  code  SCOPE  (Simulation  du  COmportement  de  Particules 
dans  un  Ecoulement  bidimciisionnel)  a  did  ddveloppd  par 
MAKMIGNON  &  l'Ecole  Nationale  Supdrieure  des  Mines  de 
Paris. 
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Figure  9  :  Vue  schdmatique  du  banc 
“Turbulence  de  grille* 


Dans  ce  moddle  on  impose  aux  fluctuations  dc  vitessc  de  verifier 
le  tenseur  de  Reynolds  local.  Le  principc  de  SCOPE  est 
semblable  it  celui  du  moddle  3.  A  I’lnslani  to  on  injecte  une 
particule  discrdie  (P)  dans  I'dcoulemem  d  laquellc  on  associe  une 
particule  Iluide  (F)  ayant  la  tndme  position.  On  fail  un  tirage 
aldatoire  des  vitesses  fluctuanics.  Ensuite,  on  ddtermine  les 
positions  respectives  des  particules  (F)  et  (P) :  si  dies  sont  trop 
dloigndes  l'une  de  l'autrc,  on  effectue  une  ddcorrdlation  spatialc. 
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De  plus,  d  chaque  pas  de  temps,  on  vdrifie  si  le  critdre  temporel  ,ei0 
est  rcspectd,  sinon  on  gdndre  un  nouveau  vcctcur  de  fluctuation 
au  point  F  :  ddcorrdlation  temporclle. 

b)  Moddle  FD  1 151  (moddle  5) 

Ce  moddle  a  did  ddveloppd  par  BLUMKEet  al.  La  gdndration  des  f 
fluctuations  dc  vitessc  sc  fail  ici  selon  une  mdthode  qui  utilise  des 
"Filtres  Digitaux" :  "filtre  temporel"  et  "fibres  spatiaux".  De  plus, 
une  nouvelle  valour  des  fluctuations  est  gendrde  a  chaque  pas  de 
temps. 

'  l.to 

Cette  moddlisation  nc  fait  pas  intervenir  de  ddcorrdlation 
temporelle,  car  chaque  fluciuation  de  vitesse  respccte  la 
corrdlation  temporelle  reprdsentde  par  la  fonction  de  transfer!  du 
filtre  temporel.  ,  u 
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4.  ETUDE  DES  PROCESSUS  PHYSIQUES 
FONDAMEN  TAUX 

4.1  Etude  de  dispersion  et  de  Evaporation  en 
turbuSence  de  grille 

L'dtude  de  la  dispersion  des  gouttes  en  turbulence  de  grille  a  did 
rdalisde  sur  le  banc  prdsentd  sur  la  Figure  V.  Cc  banc  d'essais 
vertical,  do  section  carrdc  (150x150  mm-),  est  dquipd  d'uue  grille 
en  tortie  du  convergent.  La  vcinc  d'essais  est  composdo  de 
diffdrenls  tronqons  munis  de  hublots  en  quart/,  pour  les 
visualisations,  pour  les  mesures  laser  ct  pour  les  essais  cn 
tcmpdraturc.  Ixs  variations  du  niveau  de  turbulence  sont  rdalisdes 
cn  modifiant  la  gdomduie  de  la  grille  (dpaisseur  du  barreau  B, 
taille  de  la  maitle  M).  L'adrothermique  dc  la  vcinc  a  dtd 
caractdrisdo  par  andmomdlrie  laser  et  par  fil  chaud.  Des  exemples 
de  nrofils  de  tempdrature  (moyenne  el  Fluctuations)  sont  prdsentds 
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Figure  10  :  Profils  de  temperature  moyenne  et  fluctuante 
en  aval  de  la  grillle 


sur  la  figure  10.  La  figure  1 1  montic  involution  de  1'dcheile  de 
turbulence  cn  aval  de  la  grille. 

a)  Dispersion  de  gouttes  monotlisperses  en  isothe,me 
Un  gdndrateur  de  gouttes  (TSI  3450)  est  employd  pour  injecter 
un  train  de  gouttes  monodisperses,  It  partir  de  la  ddsintdgration 
d'un  jet  cylindriquc  116].  Lc  mdeanisme  de  rupture  est  contmld 
en  appliquant  une  perturbation  pdriodique.  Lc  diamdtre  des 
gouttes  a  nsi  gdndrdes  est  compris  entre  50  300  pm,  leur 

vitesse  entrc  1  et  4  m/s. 
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Figure  1 1  :  Evolution  de  I'echelle  de  turbulence  en  aval 
de  la  grille 
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Figure  13  :  Trajectoires  moyenne  des  gouttes 
et  dcart-type 


Figure  12  :  Visualisation  de  la  dispersion  des  gouttes 


Figure  14  :  Histogrammes  de  taux  de  presence  de 

gouttes  ,  &  3  cm  en  aval  du  point  d'injection 


L'dludc  de  la  dispersion  de  gouttes  monodisperses  de  diamdtre 
250  pm,  injectdes  avec  une  vitesse  de  3,6  m/s,  en  paroi  el  en  aval 
dune  grille  de  turbulence  (maillcs  carries  de  20  mm  et  bameaux 
carrds  de  5  tnm),  est  effectude  4  partir  de  visualisations  par 
techniques  viddo  rapide  et  de  traitement  d'image  (figure  12). 
Cette  camdra  peut  enregistrcr,  en  pleiri  dcran,  k  une  cadence 
d'image  allant  de  quclques  images  par  seconde  jusqu'4  1000 
images  par  seconde.  File  a  une  frdquence  maximum  de  6000 
images  par  seconde  (en  1/6  d’dcran).  Le  point  d'injection  est  silud 
k  56  mm  en  aval  de  la  grille,  la  vitesse  moyenne  de  la  phase 
ga/euse  a  la  mdme  valeur  que  la  vitesse  d'injection  des  gouttes. 
Au  point  d'injection  1'intensitd  de  la  turbulence  est  de  5  %.  La 
dispersion  est  caractdrisde  par  la  trajectoirc  moyenne,  I'envcloppc 
et  les  taux  de  prdsence  en  diffdrentes  sections  (figures  13  et  14). 
L'infiuence  du  niveau  de  turbulence  sur  la  dispersion  peut  dire 
dtudide  en  modifiant  la  gdomdtrie  de  la  grille  mais  aussi  en 
changeant  le  point  d'injection,  le  niveau  de  turbulence  diminuant 
en  aval  de  la  grille.  Ces  ndsullats  sont  directcment  comparables  & 
ceux  obtenus  par  simulation  numdrique  it  partir  de  muddles 
stochastiques  (figure  15). 

b)  Evaporation  de  gouttes  palydisperses 
Ce  banc  d'essais  permet  aussi  1'dtude  de  la  dispersion  des  gouttes 
en  dtat  d'dvaporation,  la  figure  16  prdsente  un  excmple 
devolution,  en  un  point  de  l'dcoulcment  situd  k  10  cm  en  aval  de 
la  grill",  de  l'histogramme  des  tailles  de  gou'tes  entre 
1'dcoulemcnt  froid  et  fdcoulement  chaud  (Tair  =  157  °C).  Les 
gouttes  polydisperses  sont  injeetdes  dans  I'axe  de  la  veine  k  1,2 
m  en  amont  de  la  grille.  Dans  ce  cas  la  vitesse  moyenne  de  l'air 
est  de  7  m/s.  Les  temps  d'acquisition  de  ces  deux  histogrammes 
sont  identiques.  La  comparaison  des  deux  histogrammes  met  en 
dvidence  les  points  suivants  . 

-  dispartiion  des  petites  gouttes  (Dp  <-  20  (im), 

-  glissement  des  tailles  moyennes  et  grandes  en  plusicui  s  classes 
de  tailles  infdrieures. 


Abscisse  transversale  (cm) 
Figure  15  :  Comparaison  calcul  experience 
Ligne  moyenne,  6cart-  type 
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Une  comparaison  de  ces  rdsultats  avec  ceux  provenant  d'une  Figure  16  :  Comparaison  des  histogrammes  &  froid 
rnoddlisaUon  est  en  cours  au  laboratoire.  £  ebaud  (  Tair  =  157°C) 
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4.2  Diiperalon  turbulence  en  dcoulemeut  instationnalre 

Ixs  deux  configurations  do  base  retenues,  pour  cede  partic  de 
I’dtude,  sont  un  dcoulement  du  type  zone  de  mdlangc  el  un 
dcoulement  en  aval  d'une  murehe  descendantc. 

a)  ZONE  DE  MELANGE 

La  dispersion  de  gouttes  dans  une  configuration  de  type  zone  de 
mdlangc  a  did  dtudide  dans  Ic  hut  de  validcr  les  moddles  utilises 
pour  les  simulations. 

La  veine  d'dtude  est  &  section  candc  75x75  mm2.  La  zone  de 
rndlunge  est  erdde  par  deux  llux  d'air  it  la  temperature  umhiante, 
cocourants  ct  sdpards  pur  une  piauue  plane  hori/ontale  de  5  mm. 
d'dpaisseur,  prdsentant  en  son  extrdmild  un  culot  reetangulaire.  Lai 
vitesse  ddhitante  de  I'deoulement  duns  la  partie  supdrieure  de  la 
veine  est  de  36  m/s,  eellc  dans  la  section  infdrieure  esi  de  9  m/s, 
soit  un  rapport  de  vitesses  de  4  (figure  17).  A  I'uidc  d’un 
gdndratcur  de  gouttes  monodisperses,  dcs  gouttes  de  133  pm  sont 
injecldes  dans  I'deoulement  avec  une  vitesse  de  6  m/s. 


X(m) 


19  :  Dispersion  de  gouttes  (133  pm)  dans  la  zone 
de  melange 


Figure  17  :  G6om6trie  de  la  zone  de  melange 


Les  instabilities  de  la  zone  de  melange  ont  did  visualisdes  grace  it 
de  la  fumde  (figure  18).  La  figure  19  prdsente  les  trajectoires 
moyennes  et  les  enveloppes  du  panache  de  gouttes  obtenues 
expdrimenialemem  et  celles  ddtermindes  par  simulation  it  I'aide  du 
muddle  3.  Bien  que  les  traject<  in\s  obtenues  par  le  ealeul  soient  un 
peu  diffdrentes  dcs  trajectoires  cxpdrimentales,  le  moddle 
stocnasiique  utilisd  petmet  bien  de  retrouver  failure  du  panache 
de  gouttes.  Cette  dtude  1 1 7 1  a  dgalemeni  permis  ue  mettre  en 
dviJence  l  imnortance  de  l  interaetion  entre  gouttes.  En  effet,  la 
distance  entre  gouttes  en  sortie  du  gdndratcur  dtant  tris  faible,  le 
coefficient  de  trainde  doit  ctre  modilid  pour  tenir  compte  de  cel 
effet  d'interaction. 


Dans  un  second  temps,  dcs  simulations  ont  did  cITectudcs  pour 
comparer  les  diffdrents  noddies  de  dispersion.  L'dtude  a  portd 
sur  I'injcction  de  gouttelettes  tie  mdthanol  de  10  pm  it  1'extrdmitd 
du  culot  et  dans  I'axc  de  la  veine  it  une  vitesse  de  10  m/s.  Ces 
simulations  out  montrd  le  rflle  majeur  des  grosses  structures  de 
I'deoulement  dans  la  dispersion  des  gouttes  de  petite  taillc.  Pour 
hien  mettre  en  dvidenee  ee  phdnomdne.  nous  avons  compard  la 
position  des  tourbillons  (figure  20),  visualisds  grace  it  un  traeeur 
numdrique,  it  celles  dcs  gouttelettes  (figure  21),  ealculde  par 
I'approchc  ddtcrminisic,  aux  mdmes  instants.  Les  gouttes  se 
situent  it  la  pdriphdrie  des  lourhillons,  ee  eomportemerit  est 
conforme  aux  rdsultals  ohtenus  par  d'autres  auteurs  (18,19,20|. 
compte  tenu  des  temps  caraetdristiques  des  deux  phases. 
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Figure  21  :  position  des  gouttes  (approche  d^torministe) 


Figure  18  :  Visualisation  des  structures  coh^rentes 


hi  MARCHE  DESCENDANTE 

Les  dtffdrentes  approohes  cxpdrimentales  et  simulations 
numdiiques  oni  aussi  dtd  appliqudes  it  une  gdomdtrie  tie  marche 
dcscendante.  La  gdomdtrie  bidimcnsionnelle  dtudldo  est  prdscntdc 
sur  la  figure  22. 

Apprvche  numJnqur 

A  titre  d'excmple  des  eomparaisons  entre  I'approchc 
instationnaire  et  diffdrcnts  meddles  Mochastiques  dc  dispersion 

sont  p  rd  sen  tees  pour  des  gouttes  do  10  pm  injeetdes  au  niveau  du 
ddcrochement  de  la  marche.  Les  statistiques  de  la  dispersion  sont 
culculdes  sur  un  dchantillon  de  2000  trajectoires  (figure  23).  Les 
distributions  du  taux  de  presence  dans  la  rone  cisaillde  et  dans  la 
/.one  dc  recirculation  pour  trois  sections  situdes  avant  le  point  de 
recollement  prdsentent  deux  maxima  dc  concentrations  de  gouttes 
(figure  24),  la  valeur  inaximalc  dtant  dans  la  /one  cisaillde,  I'autre 
correspondant  au  tlux  de  retour  dans  la  /.one  recirculde.  Pour 
cette  gdomdtrie  et  pour  les  conditions  d'inicclion  retenues.  les 
meddles  SCOPE  ct  FD  pour  lesqutls  deux  ddcorrdlations 
(spatiale  et  temporelle)  sont  prises  en  compte,  donnent  des 
rdsultats  en  bon  accord  avee  I’approchc  instationnaire  prise 
com.-ne  rdfdnence  en  amont  du  point  de  recollement.  Au  point  de 
recollement  et  en  aval  de  la  zone  dc  recirculation,  l'approche 
instationnaire  indique  une  augmentation  du  taux  de  prdscncc  prds 
de  la  paroi.  Ce  phenomdne  sera  vdrifid  expdrimentalcment.  Ces 
simulations  numdriques  montrent  que  les  transferts  au  travers  de 


150  cm 


4  3  cm. 

Figure  22  :  G6om6trie  de  la  marche  Ptudide 


module  1 


module  2 


module  4 


INST 

Figure  23  :  Dispersion  de  gouttes  (10pm)  dans  la  zone 
de  cisaillement 


I'interface  de  la  recirculation,  ou  au  point  de  recollement,  sont 
provoquds  par  des  mouvements  de  convection  instationnaire  ues 
grosses  structures  bcaucoup  plus  que  par  de  la  dispersion 
turbulente  au  sens  clarsique  du  terme.  Afin  de  confirmer  ces 
rdsultats  de  simulation,  une  dtude  expdrimentalc  a  did  cntrcprisc 
sur  la  mdme  gdomdtrie. 

section  X/Xr  =0,38 


N|/Nt 


section  X/Xr  =  0,65 
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section  X/Xr  =  1 ,00 
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Figure  24  :  Taux  de  presence  des  gouttes  dans  trois 
sections  difterentes 


Approch *  i,.Tf*rimrntale 

Au  moyen  d'un  gdndrateur  4  orifice  vibrant,  ties  gouttes 
monodi.spcr.st2s  de  diumOtro.  100  pm  oni  dtd  injectiScs  en  un  point 
de  la  paroi  supdrieure.  4  contre  touram,  de  tug  on  a  biett 
ensemenccr  I'dcoulement  au  niveau  du  ddcrochemcm  de  ia 
rnurchc  et  duns  la  /one  eisuilldo.  I^i  vitcs.sc  des  gouttes  cst  de  If) 
m/s.  lu  vites.se  de  I'uir  de  6  m/s.  Les  visualisations  par  techniques 
viddo  rapide  du  cimiportement  des  gouth:s  dans  la  /one  eixuillde 
(fig me  25)  montrent  que  les  goutics  soot  bien  entrjtndes  par  les 
grosses  .structures.  Les  techniques  de  trailement  d'image 
appliqudes  a  eet  dcoulcmcnt  dinhasique  pemtettent  de  saivre 
1'dvolution  du  taux  de  presence  des  gouttes,  du  point  d'injcctiun 
jusqu'r.’n  aval  de  la  /one  de  recirculation  (figure  26).  Cette 
reprdsentation  montre  bien  le  changemcnt  des  distributions  en 
nombre  de  gouttes  dans  la  zone  de  reeollcment  ct  en  avul  de  lu 
/one  recirculde  Les  simulations  numdriques  pour  cc  type 
d’deoulement  sont  c-n  count  au  iuhoratoirc.  Les  premiers  rdsulUits 
de  la  eomparuison  entiv  les  dift'drents  meddles  et  (‘experience 
eonfirment  ies  conclusions  de  I'dtudc  de  ia  /one  de  mdlangc  :  le 
moddle  3  permet  dc  retrouver,  avec  une  bonne  precision,  la 
dispersion  ohservdc  expdrimcnulement. 


Figure  26  :  Evolution  du  taux  de  presence  de  gouttes  de 
1 00  um  sntre  leur  point  d'injection  et  I'aval  de 
la  zone  recircul6e 
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Figure  25  Effet  mstationnaire  des  structures  cohdrentes 
sur  la  dispersion  des  gouttes  dans  la  zone 
cisaillee 

(s)  1 - 1 - 1 - ! - 


4.3  Interaction  goutte-paroi 

Dans  une  chumhre  de  combustion,  des  systdmes  d'injection  de 
carburant  gdndrent  des  dcoulemcnts  diphasiques  avec  effet  dc 
swirl  (lnjcclcurs  adiodynamiqucs,  injcctcurs  mdeaniques).  Par  cel 
effet  les  grosses  gouttes  sont  centrilugdes  en  pdriphdrie  du  spray, 
et  certaines  peuvent  impaeter  les  paio.s  ehaudes  de  la  chambre  de 
combustion. 

U*  traiisfcrt  de  chaleur  d'une  goutte  impaciant  sur  une  surface 
chaude  est  un  phdnominc  complexe  (21  j.  Les  dil'ldrenls 
eomportemenls  d  une  goutte  sur  une  paroi  chaude  sont 
reprdsentds  sur  la  figure  27.  la's  conditions  pour  lesquelles 
apparait  un  film  dc  vapeur  entre  la  goutte  et  la  paroi  (phdnomdne 
de  Leidenfrost)  uoivent  etre  eonnues.  F,n  effet  la  prdsenee  du  film 
de  vapeur  diminue  le  liansfert  thermique  entre  le  litiuide  et  la 
i  .aroi  et  est  ddterminante  pour  le  comportemem  des  gouttes. 


»  V/B.i  .  0 
•  Wa.i  >  60 

eizh 


t^hd 


100  200  300  400  500  600 


kerosene 


2,23  mm 


Figure  27  :  Influence  de  la  temperature  de  paroi 
sur  revaporation  d'une  goutte 
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Montage  experimental 

Une  plaque  de  cuivre  (200x  1 50x400  mn\3),  comporte  cinq 
cartouches  de  chauffage.  La  temperature  (T  <  600  °C)  os' 
controlde  en  trois  points  par  dcs  thermocouples.  L'unifonnitd  de 
la  temperature  de  la  plaque  cst  vdrifide  par  technique  infra-rouge. 

Les  gouttes  sont  tSclairdes  par  ombroscopie  et  observes  au 
moyen  d'une  camdra  viddo  rapide  KODAK  EKTAPRO. 

Resultats 

Un  exemple  de  goutte  impactant  sur  une  paroi  est  donnd  sur  la 
figure  28.  Un  logiciel  de  traitement  d'images  appliqud  &  des 
enregistrements  de  ce  type  [22]  foumit  des  informations  sur  la 
trajectoire  et  la  vitessc  des  gouttes  avant  ct  aprds  impact.  A  partir 
de  ces  informations  nous  caiculons  un  nombre  de  Weber  : 


We  =  pp  Vp2  Dp  /  op 

L'influence  de  la  tempdrature  de  la  plaque  sur  le  phdnomdnc  de 
rebond  est  rcprdscntdc  sur  la  figure  29.  Ces  rdsultats  sont  en 
accord  avec  ceux  de  WATCHERS  et  WESTERLiNG  |23|.  Le 
Weber  maximum  augmentc  avec  la  tempdrature  de  la  surface.  La 
condition  de  non  rebond  ddfmit  un  nombre  de  Weber  critique  qui 
cst  une  fonction  de  la  tempdrature  de  la  plaque  [24,25]. 

[.'influence  du  diamdtre  de  la  goutte  sur  le  phdnomdne  de  rehond 
est  reprdsentd  s  or  la  figure  30.  Dans  ce  cas  nous  rcmarquons  que 
le  Weber  maximum  reste  constant.  Le  Weber  critique  diminuc 
lorsque  la  taille  des  gouttes  augmente  [26|. 

Unc  sdric  d'expdriences  sur  des  fluidcs  diffdrcnts,  montre  que  la 
vitesse  critique  et  la  vitesse  maximum  de  rcbond  augmer.tent  avec 
lu  tension  superftcielle. 

Conclusion 

Ces  diffdrentes  expdriences  sur  l  interaction  gouttes-paroi 
montrent  que  le  rebond  d’une  goutte  est  influencd  par  sa  vitesse 
normale  &  la  paroi  (la  vitesse  tangentielle  n'ayant  pas  d'influence 
sur  le  phdnomdne),  par  la  tempdrature  de  la  surface,  par  le 
diamdtre  de  la  goutte  ct  par  la  nature  du  fluide. 

Cct  ensemble  de  rdsultats  sur  1’interaction  gouttes-paroi  constitue 
une  premidre  base  de  donndes,  &  utiliser  dans  les  codes  de  calcul 
pour  les  chambres  de  combustion  en  tant  que  "lois  de  paroi  " 
pour  la  phase  liquide. 


Figure  29  :  Influence  de  'a  tempdrature  de  paroi 
sur  le  rebond 


Figure  28  :  Exemple  d'enregistrement  video  rapide 


Figure  30  :  Influence  du  diam&tre  sur  le  rebond 
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5.  CONCLUSIONS  ET  PERSPECTIVES 

L'objcctif  de  cette  recherche  est  de  moddliser  la  combustion  d'un 
Jet  dc  gouttes  en  presence  d'un  dcoulement  gazeux  forrement 
instalionnaire,  l,es  techniques  optiques  rdeentes  permettent  des 
mesures  simultandcs  de  dirfdrents  paramdtres  de  la  pulverisation 
en  aval  d’un  injecteur  nSel.  Ces  mesures  doivent  Ctre  trds  prdcises 
puisque  les  nSsultats  sent  pris  commc  conditions  initiates  pour  le 
calcul  dc  la  phase  liquide  dans  la  simulation  numdrique.  Ces 
techniques,  appliqudes  &  l’dtude  des  phdnomdnes  dldmemaires 
comme  ['interaction  dcs  gouttes  avee  ies  parois,  la  dispersion  ct 
I’dvaporation,  permettent  d’dlaborcr  des  modules  qui  peuvent  Ota* 
dinectement  intmduits  dans  les  codes  de  calcul  ou  foumisient  des 
rdsultats  servant  &  la  validation  de  ces  modules.  Ce  typo 
d’approche,  consistant  it  mener  en  parulldle  des  dtudes 
experimentales  et  numdriques,  est  trds  bdndfique  pour 
(’amelioration  des  connaissances  dc  ces  divers  phdnomdnes.  II 
sort  aussi  it  la  sdlection  de  meddles  stochastiqucs  de  dispersion  de 
gouttes,  moins  couteux  en  temps  de  calcul  que  I'approchc 
instalionnaire  prise  comme  rdfdrencc  pour  les  configurations  de 
base  prdsentdes  ci-dessus.  La  comparaison  de  ces  moddles  sur 
ces  configurations  fait  apparaitre  que  le  moddle  3  semblo  etre  ie 

plus  susceptible  d'Stre  utilisd  dans  les  logieiels  industiiels.  En 
effet  ce  moddle  reprdsente  le  meilleur  eompromis  entre  la 
prdcision  des  rdsultats  et  la  durde,  done  le  coOt,  des  simulations. 
Des  rechcrchcs  sont  aussi  rnendcs  en  paralldle  avee  1'ITLR  de 
1’universitd  de  Stuttgart  sur  la  combustion  des  gouttes.  Pour 
rendre  ces  codes  pnddictifs,  la  deuxidme  dtape  Je  ce  programme 
de  recherche  doit  etre  consacrde  dans  le  futur  aux  phdnomdnes 
d'interaction  entre  tous  ces  processus  physiques.  Par  cxemplc 
dans  les  jets  denses  de  gouttes,  les  interactions  entre  gouttes  ont 
des  effets  prdponddrants  sur  leurs  trajectoires,  sur  leur  taux 
d'dvaporation  ct  sur  leurs  rdgimes  de  combustion  (isolde,  par 
paquet,  flammc  de  diffusion).  Les  effets  de  couplage  entre  les 
gouttes  et  l'dcoulemcnt  gazeux  sont  aussi  trds  importants 
(modification  du  champ  adrodynamique  et  du  niveau  de 
turbulence...). 
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Discussion 


Question  1.  L.  de  Chanterac 

Is  there  any  coalescence  model  in  the  code  you  have  developed? 

Author's  Reply 

I  studied  coalescence  effects  during  my  stay  in  Stuttgart,  Germany.  I  have  not  yet  introduced  models  which  l  obtained  in  Stuttgart 
into  the  two  phase  flow  code. 
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A  New  Eulerian  Model  for  Turbulent  Evaporating 
Sprays  in  Recirculating  Flows 

S.  Wittig,  M.  Hallrnann,  M.  Scheurlen,  R.  Schmehl 
Lehrstuhl  und  Institut  fiir  Thermische  Stromungsmaschinen 
Universitat  Karlsruhe  (T.H.) 

KaiserstraBe  12,  D-7500  Karlsruhe,  Germany 


Summary 

A  new  Eulerian  model  for  the  computation  of  tur¬ 
bulent  evaporating  sprays  in  recirculating  flows  is 
derived.  It  comprises  droplet  heating  and  evapora¬ 
tion  processes  by  solving  separate  transport  equa¬ 
tions  for  the  droplet’s  temperature  and  diameter. 
Full  coupling  of  the  droplet  and  the  gaseous  phase 
is  achieved  by  the  exchange  of  source  terms  due  to 
momentum,  heat  and  mass  transfer.  The  partial  dif¬ 
ferential  equations  describing  the  droplet’s  transport 
and  evaporation  in  the  new  method  can  be  solved 
using  the  same  numerical  procedure  as  for  the  gas 
phase  equations.  The  validity  of  the  model  is  estab¬ 
lished  by  comparison  with  a  well  known  Lagrangian 
approach  and  with  experimental  data.  For  this  pur¬ 
pose  calculations  of  a  recirculating  droplet  charged 
air  flow  within  a  model  combustor  are  presented. 


Nomenclature 


A,  B,C 

~ 

CuCj.CV 

- 

C£> 

- 

CP,P 

J/(kg  K) 

Cp  ,u 

J /(mol  K ) 

cr  el 

m/s 

ca 

kg/kg 

D 

m 

Dx 

m 

F 

N/m3 

Fr 

- 

h 

J/kg 

J/kg 

coefficients  of  the  Cox- 
Antoin°  vapour  pressure 
equation 

constants  of  the  k,  e-tur¬ 
bulence  model 
drag  coefficient 
specific  heat  of  droplets 
molar  specific  heat  of 
vapour 

relative  velocity 
vapour  concentration 
diameter 

characteristic  diameter 
in  the  Rosin-Rammler 
drop  size  distribution 
external  forces 
Frossling  number 
specific  enthalpy 
specific  enthalpy  of  eva¬ 
poration 


k 

m2/s 3 

Lx 

m 

Le 

. 

M 

kg/mol 

N 

- 

Nu 

- 

n 

mol/m3 

nd 

- 

Pr 

_ 

P 

N/m 2 

Re 

- 

S 

(*) 

Sc 

_ 

T 

I< 

t 

s 

u,v,  w(ui) 

m/s 

V 

m^/s 

x,y,z(xi) 

m 

Vc 

- 

X 

_ 

Greek  symbols 

e 

m2/s3 

r 

m2/# 

A 

W/(mK) 

F 

Ns/rn 2 

V 

m2  /  s 

ai 

s-> 

P 

kg/m3 

<7*,  <7. 

- 

r  s 


kinetic  energy  of  turbu¬ 
lence 

length  scale  of  the  k,  t- 
turbulence  model 
Lewis  number 
molecular  weight 
parameter  in  the  Ro¬ 
sin-Rammler  drop  size 
distribution 
Nusselt  number 
molar  concentration 
number  of  discrete  drop- 
size  classes 
Prandtl  number 
pressure 

Reynolds  number 
source  term  (equation 
dependent) 

Schmidt  number 

temperature 

time 

velocity  components 
volume  flow  rate 
cartesian  coordinates 
volume  fraction  of  the 
dispersed  phase 
mo!  fraction 


turbulence  energy  dissi¬ 
pation  rate 
diffusion  coefficient 
thermal  conductivity 
dynamic  viscosity 
kinematic  viscosity 
particle  response  fre¬ 
quency 
density 

constants  of  the  k ,  f-tur- 
bulence  model 
particle  response  (rela¬ 
xation)  time 


Presented  at  an  AGARD  Meeting  on  Fuels  and  Combustion  Technology  for  Advanced  Aircraft  Engines’,  May  1W3. 
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Subscripts 

air 

'ff 

9 

l 

P 

ref 

8 

t 

V 

00 


sir 

effective 

gas 

liquid 

particle,  droplet 

reference  values  (1/3-rule) 

droplet  surface 

turbulent 

vapour 

ambient 


Superscripts 

<p  vector 

p  time  average 

<P'  turbulent  fluctuation 


Introduction 

Liquid  fuel  combustion  processes  in  gas  turbine  com¬ 
bustors  so  far  are  not  well  understood  and,  therefore, 
object  of  numerous  theoretical  and  experimental  in¬ 
vestigations.  Ir  particular,  the  accurate  prediction 
of  these  processes  is  extremely  difficult  due  to  the 
combination  of  complex  physical  and  chemical  phe¬ 
nomena.  Dispersed  phase/turbulence  interactions 
and  turbulence  effects  on  chemical  reactions  are  only 
two  examples  for  the  complexity.  In  addition  nonre¬ 
acting  two-phase  flows  include  a  variety  of  unsolved 
problems,  e.g.  turbulent  droplet  dispersion,  turbu¬ 
lence  effects  on  heat  and  mass  transfer  between  the 
phases,  vapour/air  mixing  etc..  Besides,  nonreac¬ 
ting  turbulent  two  phase  flows  are  important  by  it¬ 
self.  Premixed-prevaporized  gas  turbine  combustors, 
Diesel  engine  sprays  and  rocket  plumes  are  some  ex¬ 
amples  of  this  type  of  flow  (Mostafa  and  Elghobashi 
(1984)). 

Approaches  for  the  prediction  of  droplet  transport 
and  evaporation  in  combustion  systems  can  be  clas¬ 
sified  by  two  fundamentally  different  methods.  In 
the  Lagrangian  approach,  the  spray  is  represented  by 
discrete  droplets.  Each  computed  droplet  represents 
a  number  of  physical  droplets  and  is  observed  on  its 
trajectory  until  it  leaves  the  calculational  domain  or 
it  evaporates  completely.  The  equations  describing 
the  droplet  behaviour  can  be  simplified  to  ordinary 
differential  equations.  In  turbulent  flows,  droplet 
motion  and  evaporation  is  simulated  by  a  stochas¬ 
tic  or  Monte  Carlo  approach  (Cosniar  and  Ioanides 
(1983),  Wittig  et  al.  (1987),  Kneer  et  al.  (1990)), 
In  the  Eulerian  approach,  the  evaporating  spray  is 
treated  as  an  interacting  and  interpenetrating  con¬ 
tinuum.  The  resulting  equations  are  similar  to  the 


equations  describing  the  turbulent  gas  phace,  The 
application  of  the  Eulerian  approach  for  sprays  re¬ 
quires  the  consideration  of  the  continuum  assump¬ 
tion  (Batchelor  (1974)).  This  assumption  is  valid, 
when  each  computational  element  contains  a  large 
number  of  droplets  in  the  way  that  stat  istically  av¬ 
eraged  properties  can  be  assigned  to  the  droplets. 
Crowe  (1982)  showed  that  most  practical  systems 
satisfy  the  continuum  assumption. 

This  paper  is  addressed  to  the  further  improvement 
of  a  recently  developed  Eulerian  method  for  t  he  nu¬ 
merical  simulation  of  turbulent  evaporating  sprays 
(Hallmanu  et  al.  (1993)).  Results  of  the  new  mo¬ 
del  are  compared  with  both,  experimental  data  and 
computations  using  a  Lagrangian  approach. 

Eulerian  methods  for  the  prediction  of  turbulent 
two-phase  flows  have  been  used  by  various  groups 
of  researchers  (e.g.  Melville  and  Bray  (1979),  El¬ 
ghobashi  et  al.  (1984),  Chen  and  Wood  (1986), 
Kramer  (1988),  Abou-Arab  and  Rocco  (1990),  Si- 
monin  (1990)).  They  all  deal  with  questions  con¬ 
cerning  the  dispersion  of  particles  in  parabolic  flows 
neglecting  heat  and  mass  transfer  between  the  two 
phases.  Mostafa  and  Elghobashi  (1988)  as  well 
as  Mostafa  and  Mongia  (1987)  report  on  Eulerian 
methods  for  the  computation  of  turbulent  jets  with 
droplet  vaporization.  However  in  these  papers  rather 
simplified  assumptions  were  used.  The  authors  as¬ 
sumed  isothermal  flow  conditions  and  a  constant 
droplet  (saturation)  temperature.  In  addition,  a 
simplified  mass  transfer  model  for  the  calculation  of 
the  droplet  diameter  was  applied.  In  contrast  to 
these  investigations,  the  present  study  introduces  a 
new  model  fi>r  the  computation  of  fuel  spray  cha¬ 
racteristics  including  droplet  heating  and  evapora¬ 
tion  by  solving  separate  transport  equations  for  the 
droplet’s  temperature  and  diameter.  This  model  is 
applicable  not  only  to  parabolic  flows  but  also  to 
turbulent  recirculating  non-isothermal  evaporating 
sprays,  which  are  of  major  interest  within  the  de¬ 
sign  process  of  real  gas  turbine  combustors. 


Governing  equations 

Gas  phase  equations 

For  the  steady  mean  flow  under  consideration,  the 
time  averaged  continuity  equation  and  the  stationa¬ 
ry  Re  ynolds  equations 

~(put)  =  ,V,„  (1) 
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^-(p+fp^  +  ^+Su,,  (2) 


in  conjunction  with  the  standard  k ,  (  turbulence  mo¬ 
del 


Cl 

c\ 

<Tk 

o, 

Pr, 

— 

Sc  i 

\  .44 

1.92 

0.09 

0.90 

1.30 

0.9 

0.9 

Table  1:  Constants  of  the  k,  (-turbulence  model 


£:(»*) 

= 

d  .p.jj  d k 
dXi  '  Of,  ' 

-1 

Gk  —  pc  +  Sk,p 

(3) 

Z5:<'w> 

= 

. 9 

dXi  '  O,  dXi  1 

+ 

Uc\Gk  -  CiPc)  +  StiP 

(4) 

Droplet  equations 

The  equations  describing  continuity  and  momentum 
exchange  of  the  liquid  phase  for  laminar  flow  condi¬ 
tions  can  be  derived  from  a  mass-  and  momentum 
balance  at  an  infinitesimal  small  fluid  volume: 


dui  ,duj  dui  ■ 


m 


are  solved  numerically  by  a  Finite  Volume  discretiza¬ 
tion  method.  In  the  above  equations 


P'U  =  P  +  Pt  (6) 

is  the  frequently  used  effective  vise  .ity  with  the 
laminar  viscosity  /i  and  the  eddy  visr<  oity 

Pt  =  pCpl—  (7) 

External  forces  acting  on  the  fluid,  e  g.  gravity  are 
denoted  by  Fj  in  the  momentum  equations  (2)  and 
are  assumed  to  he  negligible  in  the  present  investiga¬ 
tions.  Turbulent  transport  of  enthalpy  and  vapour 
concentration  is  calculated  via  additional  transport 


equations; 

w,lnh)  = 

d  pejj  dk 
dii  Prejj  dx{ 

)  +  Sk*  (8) 

8  (  P»jj  8ca 
dii  SC'/j  dii 

)+*c„.p  (9) 

with 

P*n 

Pr'fJ 

_  P  ,  Pi 
Pr  Prt 

(10) 

PeJ/ 

P  ,  Pi 

(11) 

Sce/J 

Sc  Sc, 

The  constants  of  the  standard  k,  (-turbulence  model 
used  and  the  turbulent  Prandtl  and  Schmidt  num¬ 
bers  are  given  in  Table  1.  Source  terms  (S#  p)  due 
to  gas/droplet  interactions  are  described  in  combi¬ 
nation  with  the  new  droplet  model  The  wall  func¬ 
tion  method  is  used  to  eliminate  the  large  number 
of  grid  points  needed  to  resolve  the  laminar  sublayer 
(Launder  and  Spalding  (1974)). 


g~-(ue/5pu,iP)  —  5Vo  (12) 

Q^(vcPpui,puj,p)  =  ^vcPjycrtl(Uj  —  N;.p) 


+  Fj,p  +  SVcUjiP 

(13) 

Crel 

=  II  3  ~  u~p  II 

(14) 

Re  p 

D p  C-e/ 

V 

(15) 

ep 

=  0.30  +  5.48  Rcl"  573  +  — 

F  Re  p 

(16) 

The  mass  source  term  due  to  droplet  evaporation  is 
obtained  by 

„  3d Dp  . |  , 

Svc  =  Vrppirp~dT  (17) 

The  term  on  the  l.h.s.  of  Eq.  (13)  represents  the 
inertia  force  per  unit  volume  due  to  droplet  accele¬ 
ration.  The  first  term  on  the  r.h.s.  represents  the 
drag  force  due  to  the  slip  between  the  two  phases, 
the  second  contains  external  forces  like  gravity  and 
the  third  takes  momentum  loss  due  to  droplet  evapo¬ 
ration  into  account.  Pressure  gradient  terms  for  the 
dispersed  phase  are  neglected.  An  expression  for  the 
decreasing  diameter  of  a  single  droplet  in  Lagrangian 
coordinates 

d/?P  _  <\MvnrrjYrc)  -  /I  —  A’u,ct'\ 

d,  ~  ,r— ^75“ '  ITTxTJ)  <18> 

with 

Fr  =  1  +  0.276  Sc  *  (19) 

is  given  by  Faeth  (1983)  and  Wittig  et  al.  (1988) 
assuming  a  constant  liquid  density.  The  calculation 
of  the  reference  values  and  the  mol  fraction  of  the 
vapour  is  shown  in  Appendix  A. 
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In  order  to  derive  a  transport  equation  for  the 
droplet  diameter  we  first  write: 

0j~('WV  H«,r  Dp) 

'  0  .  dDp 

—  «VP,.W,„)  +  t’eflpUi.p  g 

..  0  ,  .  dIJr 

~  ,)rdr~  ' v'f>r M* ,p ^  +  v'Pr  ~dl 

Including  Eqs.  (12)  and  (17)  yields: 

-j^-(  vcf>f,  Ui^  Dp )  =  j"St,c  Op  (20) 

A  transport  equation  for  the  droplet  temperature 


can  be  derived  via 

an  energy  balance  in 

the  same 

manner  as  the  momentum  equation: 

drt  Mbp^p) 

=  .v6'~^c a-rp) 

rP*VlJp 

a 

'F  ‘•,i>c(“  "F  fp) 

(*p 

(21) 

with 

Xu  = 

2  Lr  >"  C.'-aI't) 

(22) 

Lr  - 

1  ref  ry,v  .re  J  / 

(23) 

Xrt  J 

/«’»•  =. 

1  -F  0.27(5  l>r* 

(24) 

'The  model  implies 

a  uniform  temperature 

dist  rilni- 

lion  in  the  droplet  assuming  an  infinite  thermal  con¬ 
ductivity.  In  Eq.  (21)  the  first  term  of  the  r.h.s. 
represents  droplet  heating  due  to  the  temperature 
gradient  between  the  two  phases,  the  second  droplet 
cooling  due  to  droplet  evaporation.  The  specific  heat 
of  the  liquid  cr  f,  is  assumed  to  be  constant.  An  ex¬ 
act  derivation  of  the  expressions  describing  droplet 
heating  and  cooling  in  the  source  term  of  Eq.  (21)  is 
given  by  Faeth  (1983)  and  Wittig  et  al.  (1988). 


Turbulence  modelling 

Turbulence  effects  are  evaluated  by  introdueing  fluc¬ 
tuation  quantities  for  the  volume  fraction  and  the 
droplet’s  velocity,  temperature  and  diameter: 

<Pr  =  *r+< Pp  (25) 

*P  =  Jj  j  *Pdt  (‘2(5) 


Inserting  Eq.  (25)  in  the  l.li.s.  of  the  Eqs.  (12),  (13), 
(20)  and  (21),  time  averaging  and  using  the  follow¬ 
ing  gradient  hypothesis  for  the  second  order  corre¬ 
lations  representing  the  turbulent  fluxes  of  momen¬ 
tum,  mass  and  enthalpy 


-  Pp''>'Up 

-ppWiPuj,p 

-  Pp^lrpuj,p 

-  PrV'Tffi* 


fh.p  ,  dve 
Sctil, 1  Ox,  1 


(27) 


+  (20) 


(29) 

(30) 


leads  to  a  set  of  equations  for  turbulent  evaporating 
sprays  which  can  easily  be  casted  in  a  form  identical 
to  commonly  used  gas  phase  equations: 


— -  ■(  Vrpp  U|  p  ) 

= 

&(«&)♦* {i,) 

(».-Ppl‘,  p  «;>) 

= 

+ 

3  Co 

4v’pd;'",u‘>  ~ 

Uj.p) 

+ 

Fj  +  S»c'ij,P 

(32) 

-((VP,,  Ui.pDp) 

i 

&  (  P‘.r  Wp 
dxt  \  r  Set  r  0x{ 

) 

+ 

4 

(33) 
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*7  A  Pt.r  dTp ' 
f>Ti  V  c  .SV(,P  dx,  > 

) 

-1- 

(\NuFvX,€j 
'„»}  11 

-Te) 

■  U 

■%..(  — -  +  Tp) 

rp.p 

(34) 

Correlations  involving  fluctuations  in  the  liquid 
phase  density  (i>rvr)  are  taken  into  account  only  in 
the  continuity  equation. 

The  closure  hypothesis  (27)  and  (28)  for  the  turbu¬ 
lent  mass  flux  and  momentum  transfer  have  been 
tested  successfully  by  a  lot  of  researchers  (Chen  and 
Wood  (1984),  Elghohashi  et  al.  ( 1 98d ) ,  Melville  and 
Dray  (197!)))  and  have  been  extended  by  Hallmann 
et  al.  (1993)  for  turbulent  heat  and  mass  transfer  in 
evaporating  sprays  (Eqs.  (29),  (30)).  The  turbulent 
viscosity  //, ,.  of  the  dispersed  phase  is  modeled  using 
the  approach  of  Melville  and  Bray  (1979): 


I‘i,p  =  f‘t 


Pp  jj> 

p  k 


(35) 
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with 

*p  =-'  ^(«? +  ?  +  «?)  (30) 

The  ratio  of  the  turbulent  kinetic  energies  of  the  dis¬ 
persed  and  the  gas  phase  is  calculated  following  the 
approach  of  Kramer  (1988): 


*£  = 


1  -1-  w1r3 


(37) 


Since  in  general  the  droplets  do  not  follow  the  motion 
of  the  surrounding  fluid  from  one  point  to  another  it 
is  expected  that  the  ratio  kp/k  is  different  from  unity 
and  varies  with  the  particle  relaxation  time  r  and  lo¬ 
cal  turbulence  quantities  (Elghobashi  et  al.  (1984)). 
Kramer  recommends  the  following  equations  for  the 
frequency  of  the  particle  response 
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^0.25 
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1  Pp  Dl  1 

18  p  v  1  +  0.133fteJ>  «87 


(38) 

(39) 


with  a  characteristic  macroscopic  length  scale  of  tur¬ 
bulence  (  5 

L  r  =  C"-75— -  (40) 

M  c 

For  the  turbulent  Schmidt  number  5c<iP  of  the  dis¬ 
persed  phase  Kramer  suggests  a  value  of  0.3.  In  the 
course  of  our  work  we  found  this  value  to  be  particle 
size  dependent.  Because  more  detailed  information 
is  not  available  at  the  moment  we  recommend  a  me¬ 
dian  value  of  2.5  for  problems  treated  in  this  paper. 


Table  2:  Coupling  terms  for  the  gas  phase  equations 
due  to  droplet  transport  and  evaporation 


Solution  steps 

As  mentioned  above,  the  equations  of  both  phases 
can  be  solved  numerically  using  the  same  finite  vo¬ 
lume  discretization  method  (Noll  and  Wittig  (1991), 
Noll  (1992)).  After  calculating  the  droplet  field  with 
the  preceding  values  of  the  gas  field  properties,  the 
gas  field  is  recalculated  with  the  coupling  terms  due 
to  droplet  transport  and  evaporation.  This  proce¬ 
dure  is  repeated  until  the  coupling  terms  converge, 
i.e.  both  phases  have  statistically  constant  values. 


Coupling  with  the  gas  phase  -equations 

The  gaseous  phase  is  affected  by  the  dispersed  phase 
due  to  momentum,  heat  and  mass  exchange.  The 
easy  way  of  coupling  the  two  phases  is  an  evident 
advantage  of  the  new  model.  Due  to  an  identical 
mathematical  formulation  the  same  terms  appear  for 
both  phases,  simply  with  diffe.ent  sign.  A  drawing 
up  of  the  coupling  terms  for  the  gas  phase  equations 
is  given  in  Table  2. 

The  expressions  are  added  up  for  all  nd  discrete 
drop-size  classes.  In  addition  phase  coupling  is  gua¬ 
ranteed  by  the  use  of  temperature,  pressure  and  va¬ 
pour  concentration  dependent  properties  in  the  cal¬ 
culations  of  the  gaseous  phase. 

Source  terms  (S't  iP,  i  for  the  equations  of  the  k,  t- 
turbulence  model  due  to  the  presence  of  the  dis¬ 
persed  phase  were  modeled  following  the  approach 
of  Chen  and  Wood  (1984,  1986).  Because  the  calcu¬ 
lations  presented  in  this  paper  do  not  show  any  sig¬ 
nificant  influence  of  these  terms  they  are  not  taken 
into  consideration  here. 


Results  and  discussion 

for  the  verification  of  the  new  model,  measurements 
cf  a  recirculating  droplet  charged  air  flow  (H<m- 
tnelsbach  (1987),  Wittig  et  al.  (1987),  Wittig  et 
al.  (1988))  within  a  model  combustor  are  compared 
with.  The  test  section  used  in  our  laboratory  is 
shown  in  Fig.  1.  It  consists  of  a  rectangular  flow 
channel  with  a  cross  sectional  area  of  100*300  mm'2 . 
A  prefilrniug  two-dimensional  airblast  nozzle  is  in¬ 
corporated  into  the  test  section.  The  airflow  enters 
the  channel  through  four  slots  with  6u  in/s  mean  air 
velocity.  Two  of  these  slots  are  charged  with  ,t  liq¬ 
uid  film.  The  experimental  studies  were  performed 
with  ethanol  at  inlet  gas  temperatures  of  320  K  and 
520  K. 

The  symmetric  flow  field  in  the  model  combustor  is 
characterized  by  a  recirculation  zone  induced  by  the 
centerbody  of  the  nozzle  (Fig  2).  As  reported  ear¬ 
lier  (Wittig  et  al.  (1987))  it  can  be  predicted  with 
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sufficient,  accuracy.  In  the  calculations  a  68  +  .'  16  com¬ 
putational  grid  lias  been  useil  with  tile  MhU-sclenie 
(Noll  (1992))  for  the  discretization  of  the  convective 
terms.  The  convective  terms  of  the  droplet  equations 
are  discretizisc  d  using  the  well  known  Ul’WIND- 
scheme. 

Droplet  motion  and  evaporation  were  calculated  for 
ton  discrete  drop-size  classes.  In  Tigs.  If  and  •)  calcu¬ 
lated  vo'mne  fractions  of  the  liquid  phase  and  cha¬ 
racteristic  droplet  diameters  of  the  spray  are  plot¬ 
ted  against  experimental  data  given  by  Wittig  et 
al.  (1987)  for  an  inlet  gas  temperature  of  1120  A. 
The  initial  conditions  for  the  droplets  were  deter¬ 
mined  from  elaborate  studies  of  air-blast  atomiz¬ 
ers  as  a  function  of  the  operating  parameters  of 
the  nozzle  and  the  properties  of  the  liquid  (Aigner 
(1986),  Sattelmayer  (1989)).  They  can  lie  described 
with  the  distribution  parameters  Dm?  =  fid  /mi 
and  N  =  2  ip  the  Rosin  Hammier  distribution  (see 
Appendix  B).  Both,  measurements  and  predictions 
show  that  in  the  recirculation  zone  mainly  small 
droplets  are  found  due  to  turbulent  dispersion,  while 
the  forward  flowing  regions  are  dominated  by  large 
droplets.  Highest  droplet  concentrations  occur  close 
to  the  atomizer's  edge  decreasing  rapidly  towards  the 
recirculation  zone.  Turbulent  particle  dispersion  is 
slightly  underpredicted.  Nevertheless  measurements 
and  predictions  are  in  good  agreement. 

Fig.  f>  shows  the  predicted  spatial  distribution  of  the 
decreasing  droplet  diameter  in  the  upper  half  of  the 
combustor  for  an  inlet  gas  temperature  of  620  A'. 
For  comparison  results  of  a  bagrangian  approach  are 
shown.  Both  computational  approaches  are  based 
on  the  same  evaporation  model,  the  well  known 
'Uniform  Temperature’  law  ( Faeth(  I98lf),  Wittig  et 
al  (1988),  Ilallriianu  et  al.  (1993)).  The  excellent 
agreement  of  the  two  methods  in  almost  all  details 
is  proof  that  the  new  Fulerian  model  yields  adequate 
results  for  the  diameter  decrease  of  the  evaporating 
droplets.  It  should  be  noted  that  the  shape  of  the 
Fulerian  solution  in  Fig  6  "an  be  influenced  by  vari 
at  ions  of  the  turbulent  Schmidt  number  ,SV(J, .  As 
mentioned  before,  Sr,r  is  not  a  constant  and  fur¬ 
ther  investigations  in  the  area  of  turbulent  droplet 
dispersion  are  necessary  to  guarantee  a  genera!  ap¬ 
plication  of  the  new  model.  Fluctuations,  which  can 
be  seen  in  the  Lagratigiau  results,  are  due  to  the  sta¬ 
tistical  nature  of  the  Monte  Carlo  sampling  method. 
They  could  be  damped  by  increasing  the  number  of 
particles  used  to  evaluate  mean  droplet  diameters. 
Figs.  6  and  7  show  calculated  and  measured  vo¬ 
lume  fractions  ( llimmelsbach  (i987))  and  characte¬ 
ristic  droplet  diameters  for  T  =  620  A  (Wittig  et 
al.  (1987,  1988)).  The  larger  diameters  compared 
to  the  cold  flow  conditions  are  caused  by  larger  ini¬ 
tial  diameters  {Dm?  =  78  /mi,  .V  =:  2)  but  also  by 


the  faster  evaporation  of  small  diophts  I  lie  compu 
tational  results  are  of  suflicieut  agreement  with  the 
measurements  for  both,  volume  fractions  and  <Tt a 
racteristic  diameters  of  the  dispc  rsed  phase 
Ffrects  of  phase  coupling  c,m  be  seen  in  Fig  8  and 
Fig.  9  for  hot  fimv  conditions.  I'he  vapour  concentra¬ 
tion  of  the  gas  phase  shows  a  strong  increase  along 
the  way  of  the  evaporating  droplets  combined  with 
a  decrease  o;  the  gas  temperature.  The  recirculating 
flow  transports  parts  of  the  cold  vapour/air  mixture 
back  to  t  be  cenlerbody  o!  t  lie  nozzle  result  uig  in  very 
high  vapour  concent  ration  and  temperature  gradi¬ 
ents  near  tin-  atomizing  edge  At  the  channels  out¬ 
let  the  vapour  concentration  reaches  approximately 
10  'X  resulting  in  a  temperature  decrease  of  more 
than  100  degrees. 

Conclusions 

A  new  Fulerian  model  for  the  computation  of  tur¬ 
bulent  evaporating  sprays  has  been  developed  In 
contrast  to  former  Fulerian  approaches  it  comprises 
transport  equations  for  droplet,  heating  and  evapo¬ 
ration  and  is  applicable  for  recirculating  Hows.  The 
coupling  of  the  gaseous  and  th<  droplet  phase  is  gua¬ 
ranteed  by  the  exchange  of  source  terms  due  to  mo¬ 
ment  urn,  heat  and  mass  transfer  and  by  the  calcu¬ 
lation  of  temperature,  pressure  and  vapour  concen¬ 
tration  dependent  properties  of  the  gaseous  phase, 
(Comparison  of  the  new  model  with  bagrangian  cal 
dilations  and  experiments  with  respect  to  diameter 
distributions  and  concentrations  reveal  good  agree¬ 
ment 

However,  the  physical  understanding  of  the  turbu¬ 
lent  particle  dispersion  processes  need  further  im¬ 
provements  for  a  more  general  application.  Never¬ 
theless,  the  similar  structure  of  the  transport  equa¬ 
tions  obtained  by  the  Fulerian  approach  with  the 
commonly  used  gas  phase  equal  ions  offers  t  he  oppor¬ 
tunity  for  an  easy  incorporation  of  our  new  model  in 
standard  CFI>  code;  Tins  is  a  great  advantage  in 
contrast  to  bagrangian  methods  which  require  dif 
fereiit  numerical  procedures  for  the  two  phases.  In 
addition,  the  implementation  of  bagrangian  methods 
in  codes  for  boundary  lilted  uou-ortliogonal  coordi¬ 
nates  or  mi. .truct unul  grids  is  very  complicated,  but 
is  easily  accomplished  with  the  present  formulation 
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Appendix  A 

The  reference  values  in  the  models  presented  are 
determined  according  the  1/3-rule  of  Sparrow  and 
Gregg  (1958) 


Trt} 

-  It  +  ir 

-  3  fp  +  3  /oo 

(41) 

2  f  * 

—  rAv.p  T 

(42) 

nrti 

=  n(7’re/) 

(43) 

rre/ 

-  r  (Tref) 

(44) 

cP,i I,rej 

—  Cp.f  (?re/  ) 

(15) 

Are/ 

=  a  (?;«/) 

(46) 

The  mol  fraction  of  vapour  at  the  droplet’s  surface  is 
given  by  an  exponential  law  following  Cox  Antoine 


Ai,,p(pi)  —  —  (47) 

pt(Tp)  ~  exp  (A-  ijr—jj)  (48) 

where  A,  B  and  C  are  specific  values  for  the  droplet 
liquid  under  consideration. 

The  relation  between  the  vapour  concentration  ra 
and  the  mol  fraction  of  vapour  X„  is 

P  -  _ A't  Afy _ /4Q\ 

°  X,A/,  +  (l-  X.,)Mair  y  ’ 

Appendix  B 

In  the  Rosin  Rammler  drop-size  distribution 

Dr  ^  (80) 

x  indicates  the  volume  percentage  of  all  droplets 
with  smaller  diameters  than  Dz  Two  characteristic 
diameters  are  needed  to  completely  define  the  dis¬ 
tribution.  In  presenting  the  results  the  volumetric 
mean  diameter  Dso  and  a  characteristic  diameter  for 
small  droplets  Dio  are  used. 
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Figure  T  lest  section  -  two  dimensional  combustor  model  (Wittig  et  al.  (1987)) 


Figure  2:  Calculated  flow  field  within  the  model  combustor 
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Figure  3:  Volume  fractions  for  cold  flow  conditions;  A  measurements, - calculations 
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Figure  4:  Characteristic  diameters  for  cold  flow  conditions;  measurements:  A  D\ o,  O  - calculations 


Figun  5-  Spatial  distribut  ion  of  the  droplet  diameter  for  a  starting  diameter  of  17.67  fim  ; 
upper  diagram:  Fulerian  approach,  lower  diagram:  Lagrangian  approach 
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Figure  6:  Volume  fractions  for  hot  flow  conditions  ;  A  measurements,  - calculations 
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Figure  7.  Characteristic  diameters  for  hot  flow  conditions,  measurements:  A  D\n,  Q  D511, 
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SUMMARY 

An  experimental  investigation  was  conducted  to  examine  the 
operating  and  spray  characteristics  of  two  internal-mixing  twin- 
fluid  atomizers  that  were  designed  to  produce  effervescent 
atomization  at  low  air/liquid  mass  ratios  (ALRs).  These  two 
experimental  atomizers  ejected  the  two-phase  flow  so  as  to 
produce  a  wide  spray  angle.  One  atomizer  was  a  plain-orifice 
design  that  used  a  4-hole  exit  orifice  which  divided  and  turned 
the  two-phase  flow  just  prior  to  ejection.  The  other  atomizer, 
called  the  conical-sheet  atomizer,  ejected  the  two-phase  tlow 
through  an  annular  passage  in  such  a  way  as  to  form  a  hollow 
cone  spray.  The  atomizer  operating  parameters  varied  during 
this  investigation  were  the  air/liquid  mass  ratio ,  atomizer 
operating  pressure,  and,  in  the  case  of  the  conical-sheet 
atomizer,  the  exit  gap  width.  Studies  of  spray  characteristics 
included  measurements  of  the  spray  Sauter  mean  diameter 
(SMD),  drop  size  distribution,  and,  for  the  conical-sheet 
atomizer,  circumferential  distribution  of  the  liquid  mass  within 
the  spray. 

For  both  atomizers  it  was  found  that  SMD  decreases  with  an 
increase  in  either  ALK  or  operating  pressure.  The  effect  of  ALR 
on  SMD  diminishes  as  the  value  of  ALR  increases.  For  the 
conical-sheet  atomizer,  when  operating  at  low  values  of  pressure 
and  ALR,  SMD  increases  with  increase  in  gap  width;  but  the 
influence  of  gap  width  on  SMD  diminishes  with  an  increase  in 
either  pressure  or  ALR.  At  the  highest  operating  pressure  of  the 
conical-sheet  atomizer  (552  kPa),  SMD  is  independent  of  gap 
width  at  all  ALRs.  For  both  atomizers,  changes  in  operating 
pressure  and  ALR  have  little  effect  on  the  distribution  of  drop 
sizes  in  the  spray. 

1.  INTRODUCTION 

Internal-mixing,  twin-fluid  atomizers  that  produce  effervescent 
atomization  show  potential  for  eliminating  a  number  of  the 
problems  associated  with  pressure-swirl  and  airblast/air-assist 
atomizers,  such  as  the  need  for  high  injection  pressures  or  large 
quantities  of  high  velocity  air.  In  effervescent  atomization,  a  gas 
(air  in  combustion  applications)  is  introduced  directly  into  a 
flowing  liquid  at  some  point  upstream  of  the  atomizer  exit  orifice 
in  such  a  way  as  to  create  a  bubbly  two-phase  flow.  When  the 
bubbly  flow  mixture  exits  the  discharge  orifice,  the  gas  bubbles 
rapidly  expand  which  aids  in  the  breakup  of  the  liquid  into 
arops.  Unlike  traditional  airblast  or  air-assist  atomizers,  the  gas 
is  not  intended  to  transfer  kinetic  energy  to  the  liquid  upon 
contact.  Instead,  the  purpose  is  to  create  a  bubbly  two-phase 
tlow  that  takes  advantage  of  the  expansion  of  the  gas  after  the 
mixture  has  been  ejected  from  tite  atomizer. 

Previous  studies  have  shown  a  number  of  advantages  offered  by 
effervescent  atomization  (Refs.  1-4J.  One  advantage  is  that 
good  atomisation  can  be  achieved  at  low  injection  pressures  and 
low  air/liquid  mass  ratios.  Also,  since  both  the  liquid  and  the 
atomiz'ng  gas  are  ejected  through  the  same  exit,  the  flow 
passages  can  be  made  larger  which  greatly  reduces  the  problem 
of  blockage  by  contaminants  in  the  fuel.  Previous  work  has 
shown  that  the  quality  of  atomization  is  not  significantly 
influenced  by  changes  in  orifice  diameter  [Ref.  3]. 

All  previous  studies  on  effervescent  atomization  have  been 
confined  to  atomizers  that  eject  the  bubbly  two-phase  mixture 
through  a  single-hole  orifice  which  produced  a  narrow  angle 
spray.  However,  combustor  designs  in  gas  turbines  generally 
require  atomizers  that  distribute  the  fuel  in  the  form  of  a  conical 


sprav  of  approximately  90c  cone  angle.  One  objective  of  the 
present  research  is  to  determine  if  good  atomization  can  be 
achieved  using  effervescent  atomizers  that  turn  a  two-phase  flow 
through  an  angle  just  prior  to  ejection.  If  the  bubbly  flow  can  be 
turned  at  tingles  and  still  produce  good  atomization,  then  the 
passages  at  the  exit  of  the  atomizer  can  be  designed  to  eject  the 
spray  at  the  large  angles  which  are  more  suitable  for  combustion 
applications. 

Two  atomizers  were  designed  and  built  to  carry  out  the 
experimental  studies  in  this  investigation.  One  design  was  a 
plain-orifice  atomizer  that  featured  a  4-hole  exit  orifice  which 
divided  and  turned  the  bubbly  flow  through  an  angle  just  prior  to 
ejection.  The  second  atomizer,  called  a  conical-sheet  atomizer, 
ejected  a  bubbly  mixture  through  an  annular  passage  in  such  a 
way  as  to  form  a  hollow  cone  spray.  The  conical-sheet  atomizer 
was  designed  to  allow  adjustment  of  the  exit  gap  width. 

The  experimental  studies  on  both  atomizers  included 
measurements  of  the  spray  Sauter  mean  diameter  (SMD),  drop 
size  distribution  and,  for  the  conical-sheet  atomizer,  the 
circumferential  distribution  of  the  liquid  mass  within  the  spray. 
The  operation  of  the  plain-orifice  atomizer  relative  to  the  internal 
two-pnase  flow  pattern  within  the  atomizer  was  also  investigated 
across  a  wide  range  cf  air/liquid  mass  ratios.  The  parameters 
varied  during  this  investigation  were  the  air/liquid  mass  ratio, 
atomizer  operating  pressure,  and,  in  the  case  of  the  conical-sheet 
atomizer,  the  exit  gap  width.  In  this  paper,  atomizer  operating 
pressure  is  the  static  pressure  of  the  air  prior  to  being  mixed  with 
the  liquid. 

2.  ATOMIZER  DESIGNS 

The  principal  geometrical  features  of  the  plain-orifice  atomizer 
and  the  conical-sheet  atomizer  are  described  below. 

2.1  Plain-Orifice  Atomizer 

The  4-hole  plain-orifice  atomizer  shown  in  Fig.  1  is  an  internal- 
mixing  twin-fluid  atomizer  designed  to  produce  effervescent 
Gtomization  at  low  air/liquid  mass  flow  ratios  (ALRs).  The 
mixing  and  containment  tubes  are  made  from  dear  acrylic  to 
permit  visual  observation  of  the  internal  two-phase  flow.  All 
other  components  are  machined  from  brass.  The  mixing  tube  is 
enclosed  within  the  containment  tube  which  saves  as  both  the 
outer  wall  of  the  air  cavity  and  to  contain  the  pressure  of  the 
atomizer.  This  allows  the  pressure  difference  across  any  part  of 
the  mixing  tube  to  be  significantly  reduced  to  only  what  is 
necessary  to  persuade  the  air  to  enter  the  liquid  flow. 

The  overall  length  of  the  atomizer  is  approximately  140  mm. 

The  containment  tube  has  an  inside  diameter  of  51  mm  and  a 
wall  thickness  of  6.4  mm.  The  mixing  tube  has  an  inside 
diameter  of  6.4  mm  and  a  wall  thickness  of  1.6  mm.  Six  rows 
of  four  holes  used  for  injecting  air  into  the  mixing  tube  are 
drilled  through  the  wait  of  the  mixing  tube  perpendicular  to  its 
axis.  Each  row  is  spaced  6.4  mm  apart  and  rotated  45°  from  the 
neighboring  row.  The  last  row  of  these  injection  holes  is  located 
5 1  mm  upstream  of  the  exit  orifice.  The  size  of  these  injection 
holes  varies  somewhat  because  of  difficulties  in  machining,  but 
the  average  hole  diameter  is  0.58  mm. 

Liquid  enters  at  the  top  of  the  atomizer  and  flows  downward 
through  the  mixing  tube  toward  the  exit  orifice.  The  mixing  tube 
is  surrounded  by  an  air  cavity.  The  static  pressure  of  the  air  in 
this  cavity  is  measured  through  a  pressure  tap  in  the  top  of  the 
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atomizer.  Air  passes  from  this  cavitythrough  the  mixing  tube 
injection  holes  into  the  liquid  flow,  The  bubbly  two-phase 
mixture  then  flows  downward  to  the  exit  orifice  and  is  ejected 
through  four  exit  holes  drilled  at  an  angle  of  40°  from  the  axis  of 
the  mixing  tube.  Each  of  the  four  holes  has  a  diameter  of 
0.8  mm  and  a  length/diameter  ( 1/d)  ratio  of  approximately  5. 

2.2  Conical-Sheet  Atomizer 

The  conical-sheet  atomizer  is  shown  schematically  in  Fig.  2. 

The  overall  length  of  the  atomizer  is  approximately  125  mm. 
The  wall  of  the  liquid  chamber  is  made  from  an  acrylic  tube  with 
a  thickness  of  6.4  mm  which  provides  safe  containment  of  the 
maximum  552  kPa  operating  pressure  of  the  atomizer.  The 
most  critical  areas  in  the  design  of  the  conical-sheet  atomizer  are 
the  annular  bubbly  flow  passage  between  the  stem  and  the  main 
body,  the  size  and  placement  of  the  stem  within  the  main  body, 
and  the  air  injection  holes.  Since  concentric  placement  of  the 
stem  with  the  main  body  is  essential  to  provide  a  uniform 
annular  gap  width  at  tne  atomizer  exit,  great  care  was  taken  in 
the  fabrication  of  these  two  components.  The  stem  screws  into 
the  main  body  with  10-32  UNF  threads.  The  exit  gap  width  is 
determined  by  how  far  the  stem  is  screwed  into  the  main  body. 

In  order  to  eliminate  axial  thread  play,  a  nylon-upped,  spring- 
loaded  set  screw  is  screwed  in  the  opposite  end  of  the  main  body 
to  provide  a  small  downward  force  on  the  stem.  Six  rows  of 
eight  holes,  each  0  51  mm  in  diameter,  are  drilled  between  the 
air  cavity  and  the  annular  flow  passage.  Each  row  is  equally 
spaced  3.2  mm  apart  and  the  last  row  of  holes  is  located 
approximately  16  mm  upstream  from  the  atomizer  exit. 

■Hie  liquid  to  be  atomized  enters  the  atomizer  through  the  top 
plate  and  flows  downward  through  six  inlet  ports  in  the  main 
body  into  the  annular  flow  passage  defined  by  the  main  body 
and  the  stem.  The  liquid  then  flows  downward  through  the 
annular  passage  toward  the  atomizer  exit.  Air  flows  through  a 
side  port  into  a  cavity  which  surrounds  the  annular  flow- 
passage.  It  then  flows  from  this  cavity  through  the  injection 
holes  into  the  annular  flow  passage  where  it  merges  with  the 
downward  flowing  liquid.  This  two-phase  mixture  proceeds  to 
the  atomizer  exit  and  is  ejected  into  the  atmosphere.  The  static 
pressure  of  the  liquid  is  measured  at  entry  to  the  atomizer  und  'he 
static  pressure  of  the  air  is  measured  just  prior  to  entering  die  air 
cavity. 

As  previously  mentioned,  the  width  of  the  exit  gap  is  adjusted 
by  screwing  the  stem  further  into  or  out  of  the  main  Ixxiy  of  the 
atomizer.  Since  the  thread  count  on  the  stem  is  1 .26  threads  per 
millimeter  (32  threads  per  inch),  one  complete  revolution  should 
ideally  move  the  stem  0.79  mm  vertically.  Numerous  checks  of 
the  vertical  travel  of  the  stem  with  a  depth  micrometer  showed 
that  angular  measurement  is,  for  this  setup,  a  reliable  method  for 
determining  the  vertical  distance  that  the  stem  moves  over  a 
range  of  movement  from  the  stem  being  completely  closed  to 
one  revolution  open.  The  vertical  travel  was  checked  every  30“ 
from  completely  closed  to  180°  open  and  every  90“  from  180° 
open  to  360°  open.  Since  the  conical  angle  that  both  the  main 
body  and  the  stem  were  machined  to  is  known  at  the  exit  throat, 
the  annular  gap  width  can  be  calculated  from  the  angular  position 
of  the  stem,  as  measured  from  completely  closed. 

3  APPARATUS 

3.1  Test  Facility 

The  experimental  test  facility  for  the  plain-orifice  atomizer  is 
shown  schematically  in  Fig.  3.  A  1.1  MPa  air  supply  is 
regulated  to  0.93  MPa  and  provides  both  atomizing  air  and  air 
to  pressurize  the  water  storage  tank.  Pressurized  air  enters  the 
air  circuit  and  is  directed  to  one  of  two  Brooks  rotamett  rs 
connected  in  parallel  by  a  three-way  valve.  The  smaller 
rotameter  measures  a  range  of  flow  rates  from  0.05  to  0.23  g/s, 
while  the  larger  rotameter  measures  flow  rates  between  0.22  and 
I  76  g/s.  All  pressures  in  these  studies  were  measured  with 
dial-indicating  Bourdon-tube  pressure  gauges.  Air  flows  from 
the  rotameter  to  two  metering  valves  of  different  size  connected 
in  parallel.  The  larger  valve  is  used  for  coarse  adjustment  of  the 


flow  rate  und  the  smaller  valve  is  used  for  fine  adjustment.  The 
air  flow  then  passes  through  a  ball  shut-off  valve  and  flows  to 
the  atomizer. 

The  liquid  storage  tank  is  an  83-liter  stainless  steel  sphere.  After 
the  tank  is  filled,  a  ball  valve  allows  the  free  surface  of  the  liquid 
to  be  pressurized  with  the  regulated  air  supply.  Liquid  flows 
from  the  storage  lank  to  two  metering  valves  connected  in 
parallel.  As  in  the  air  circuit,  the  two  metering  valves  arc  of  a 
different  size  to  allow  coaise  and  fine  adjustment  of  the  flow 
rate.  The  liquid  flows  from  the  metering  valves  to  one  of  two 
Brooks  rotameters  connected  in  parallel  by  a  three-way  valve. 
The  smaller  rotameter  is  used  to  measure  a  range  of  flow  rates 
from  1.83  to  20.7  g/s.  The  larger  rotameter  is  cupuble  of 
measuring  flow  rates  from  1 1.3  to  91.3  g/s.  The  liquid  then 
flows  from  the  rotameter  through  a  ball  shut-off  valve  and  on  to 
the  atomizer. 

The  plain-orifice  atomizer  sprayed  downward  into  the 
atmosphere  at  normal  room  conditions.  An  evacuation  system 
consisting  of  a  conical  funnel  connected  to  an  industrial  vacuum 
cleaner  is  mounted  below  the  atomizer.  The  sole  purpose  of  this 
evacuation  system  was  to  provide  a  downdraft  to  reduce  the 
recirculation  of  drops  which  could  cause  errors  in  the  drop  size 
measurements. 

The  design  of  the  test  facility  used  with  the  conical-shcet 
atomizer  is  nearly  identical  to  tiie  facility  shown  in  Fig.  3.  The 
main  differences  ure  that  the  facility  used  with  the  conical-sheet 
atomizer  could  supply  a  greater  pressure  and  larger  flow  rate  of 
air  and  liquid  and  could  accommodate  a  greater  quantity  of  spray 
and  larger  spray  angles.  The  rotameters  used  to  measure  liquid 
flow  rate  shown  in  Fig.  3  were  replaced  by  a  Micro  Motion 
model  D40S-SS  mass  flow  meter  set  to  measure  flow  rates  from 
20  to  400  g/s.  The  maximum  measurable  air  flow  rate  was 
increased  to  4.23  g/s  by  changes  in  the  air  rotameters.  The 
conical-sheet  atomizer  sprayed  downward  into  a  large  spray 
collection  box  at  normal  room  conditions.  A  duct  at  one  end  of 
the  spray  box  is  connected  to  the  inlet  of  a  large  centrifugal  fan. 
Baffles  in  the  spray  box  provide  for  a  downward  flow  of  air 
when  the  fan  is  operating  which  prevents  spray  drops  from 
recirculating  and  causing  errors  in  the  drop  size  measurements. 

3.2  Radial  Patternafor 

A  radial  pattemator  is  a  simple  instrument  commonly  used  to 
measure  the  radial  distribution  of  liquid  within  a  spray.  In  this 
study,  a  radial  pattemator  was  used  io  give  an  indication  of  the 
angle  of  the  spray  emitted  from  the  conical-sheet  atomizer.  The 
pattemator  was  constructed  by  cutting  slots  which  formed 
sampling  tubes  into  an  opaque  white  plastic  sheet  over  which  a 
clear  sheet  of  acrylic  (3.2  mm  thick)  was  glued.  There  are  a 
total  of  29  sampling  tubes,  spaced  4.5°  apart  along  a  radius  of 
100  mm.  All  sampling  tubes  are  the  same  size,  and  the  tube 
openings  are  filed  to  sharp  edges.  The  radial  pattemator  is  more 
completely  described  in  ref.  5. 

3.3  Circumferential  Pattemator 

The  circumferential  distribution  of  liquid  from  the  conical-sheet 
atomizer  was  measured  using  a  circumferential  pattemator  which 
consists  of  a  clear  acrylic  cylinder,  closed  at  the  bottom  and  open 
at  the  top,  and  divided  into  16  equal  pie-shaped  cavities.  Equal¬ 
spaced  lines  are  scribed  into  the  outer  wall  of  the  cylinder  from 
the  bottom  of  the  cavities  to  the  top.  These  lines  provide  a 
convenient  means  for  measuring  the  relative  liquid  volume  in 
each  cavity.  During  data  collection,  the  pattemator  is  mounted 
under  the  atomizer  with  the  axis  of  the  pattemator  on  the  spray 
axis.  The  circumferential  pattemator  is  more  completely 
described  in  ref.  5. 

3.4  Drop  Sizing  Instrumentation 

Drop  size  measurements  of  the  sprays  were  made  using  a 
Malvern  Particle  Size  Analyzer,  model  2600D,  manufactured  by 
Malvern  Instruments  Ltd.  This  weil-known  instrument  provides 
a  nonintrjsive  line-of  sighr  measurement  based  on  Fraunhofer 
diffraction  theory.  The  receiver  of  the  Malvern  system  is  fitted 


with  a  3(X)  min  focal  length  lens  which  allows  measurement  of  a 
drop  size  range  from  5.8  to  564  pm. 

The  drop  size  distributions  of  the  sprays  produced  in  atomization 
cun  be  represented  by  the  Rosin-Rummler  lRcf.6|  <j  parameter. 
The  <|  parameter  provides  a  measure  of  the  range  01  drop  sizes  in 
a  spray.  The  higher  the  value  of  o,  the  mote  equal  are  tne  drop 
sizes  and  the  more  narrow  is  the  drop  size  distribution.  If  q  -  •«, 
all  the  drops  in  the  spray  are  the  same  size.  For  most  fuel  sprays 
the  value  of  q  is  between  2  and  4  (Ref.  7). 

The  two-parameter  Rosin-Rammler  data  reduction  routine 
resident  in  the  Malvern  system  was  used  to  obtain  "measured” 
drop  size  data  from  the  light  intensities  directly  measured  by  the 
Malvern  system.  All  the  "measured"  values  of  Sauter  mean 
diameter  (SMD)  and  the  Rosin-Rammler  drop  size  distr ''urion 
parameter,  q,  were  corrected  for  the  effects  of  multip. 
scattering.  The  method  of  correction  suggested  by  Dodge 
|Ref.8|  was  used  when  the  obscuration  of  the  incident  light 
beam  was  between  40  and  65  pereent,  and  the  method  suggested 
by  Felton  et  ul.  |  Ref.  9|  was  employed  when  the  obscuration 
was  65  percent  or  greater.  The  correction  method  suggested  by 
Felton  et  al.  is  bused  on  a  theoretical  model  and  is  preferred, 
when  applicable,  to  the  empirical  solution  provided  by  Dodge. 
However,  Felton  et  al.  cuutioned  against  the  use  of  their 
correction  method  for  obscurations  less  than  65  percent.  The 
method  presented  by  Dodge  allows  correction  of  the  results 
when  obscuration  is  between  40  and  65  percent  and  reduces  the 
sudden  change  in  SMD  that  occurs  at  an  obscuration  of  65 
percent  if  the  Felton  et  al.  correction  is  used  alone. 

4.  RESULTS 

4.1  Plain-Orifice  Atomizer 

In  all  experiments  with  the  plain-orifice  atomizer,  the  liquid 
emoloyed  was  water.  Atomizer  operation  was  investigated 
along  lines  of  constant  pressure  with  increasing  ALR.  The 
operating  pressures  ranged  from  1 38  to  689  kPa,  and  atomizer 
operation  was  investigated  across  a  range  of  ALR  from  zero  to 
over  0.4.  Several  operating  characteristics  were  observed  and 
noted  across  the  full  range  of  nozzle  operation.  These 
characteristics  include  the  steadiness  of  the  spray,  visual 
observation  of  the  internal  two-phase  flow,  steadiness  of  the  air 
cavity  and  water  inlet  pressures,  and  any  other  visual  or  audible 
signs  that  might  indicate  a  change  in  the  spray.  The  operational 
parameters  and  characteristics,  along  with  the  information 
furnished  by  the  Malvern  particle  size  analyzer,  provide  a  good 
basis  for  describing  the  performance  of  the  atomizer. 

At  the  low  pressures  employed  in  this  investigation,  operation  of 
the  plain-orifice  atomizet  with  no  atomizing  air  produced  only 
solid  jets  of  water.  With  the  addition  of  only  a  very  small 
amount  of  air,  the  water  jets  were  broken  into  a  coarse  spray. 

As  the  ALR  was  increased  with  the  operating  pressure  held 
constant,  three  regimes  of  atomizer  operation,  as  defined  by 
changes  in  the  spray  behavior,  were  identified.  These 
differences  in  spray  behavior  were  the  result  of  changes  in  the 
internal  two-phase  flow.  The  three  regimes  are  designated  as 
follows:  bubbly  flow  regime,  transition  regime,  and  annular 
flow  regime. 

F.ffervescent  atomization  occurs  on’y  in  the  bubbly  flow  regime, 
but  investigation  of  atomizer  operation  across  a  wide  range  of 
ALRs  provides  some  insight  into  how  the  atomizer  functions. 

The  bubbly  flow  regime  occurred  at  low  ALRs.  The  sprays 
produced  during  operation  in  the  bubbly  flow  regime  were 
steady.  In  the  bubbly  flow  regime  the  internal  two-phase  flow 
appeared,  by  visual  observation,  to  be  well  mixed  and  uniformly 
distributed  within  the  mixing  tube.  The  exact  flow  pattern 
present  across  the  full  range  of  ALR  in  the  bubbly  flow  regime 
could  not  be  determined  with  certainty,  but  all  indications 
suggest  that  the  internal  flow  pattern  that  occurred  in  this  regime 
could  be  classified  as  a  bubbly  flow  pattern.  As  the  ALR  was 
increased  across  the  bubbly  flow  regime,  a  point  was  reached 
where  the  atomizer  operation  and  spray  became  unstable.  This 


point  murks  the  onset  of  the  transition  regime  which  is  so-named 
because  it  signifies  the  transition  between  a  stable  bubbly  flow 
regime  and  a  stable  annular  flow  regime.  The  transition  regime 
may  consist  of  several  commonly  observed  internal  two-phase 
flow  patterns,  including  slug  flow,  plug  flow,  and  churn  flow. 
The  annular  flow  regime  occurred  at  high  ALRs  where  the 
instabilities  observed  during  operation  in  tlte  transition  regime 
were  no  longer  present.  Although  the  exact  flow  pattern  present 
at  the  onset  of  the  annular  flow  regime  could  not  be  determined 
with  certainty,  an  annular  flow  pattern  was  observed  at  slightly 
higher  values  of  ALR. 

Drop  size  measurements  for  the  plain-orifice  atomizer  were  made 
at  operating  pressures  of  138,  276,  414, 552,  and  689  kPa.  All 
drop  size  measurements  repotted  in  this  paper  for  the  plain- 
orifice  atomizer  were  made  in  the  bubbly  flow  regime,  where 
effervescent  atomization  occurs.  The  light  beam  was  positioned 
to  take  measurements  across  the  axis  of  the  spray  entitled  from 
one  orifice  at  a  distance  of  152  mm  downstream  from  the 
nozzle,  as  measured  along  the  length  of  the  spray  axis.  The 
flow  rate  of  water  from  each  orifice  was  measured  to  select  a 
single  orifice  that  was  representative  of  all  orifices.  Since  the 
liquid  in  a  spray  is  much  more  difficult  to  collect  than  a  jet  of 
liquid,  the  flow  rate  check  was  performed  with  no  atomizing  atr. 
The  results  of  this  check  for  two  water  flow  rates  showed  that 
each  of  the  four  orifices  flowed  within  1  per  cent  of  one  quarter 
of  the  total  flow.  Thus,  all  tour  orifices  were  regarded  as 
acceptable  and  one  was  chosen  at  random. 

Tlte  effect  of  ALR  and  pressure  on  SMD  while  operating  in  the 
bubbly  flow  regime  is  illiistmed  in  Fig.  4.  Tlte  highest  ALR 
shown  for  each  pressure  represents  the  end  of  the  bubbly  flow 
regime  for  that  operating  pressure.  Figure  4,  as  expected, 
shows  that  SMD  decreases  as  ALR  increases.  Changes  in 
operating  pressure  have  only  a  small  effect  on  SMD,  with  an 
increase  in  pressure  resuiting  in  a  decrease  in  SMD.  Figure  4 
contains  all  the  SMD  data  taken  with  the  4-hole  orifice  in  the 
bubbly  flow  regime  The  validity  of  the  SMD  data  presented  for 
the  lower  ALRs  in  Fig.  4  is  questionable  because  the  light 
intensity  distribution  recorded  by  the  Malvern  Particle  Size 
Analyzer  had  a  bimodul  shape  that  suggested  the  increased 
presence  of  large  drops.  The  Rosin-Rammler  data  reduction 
routine,  which  was  used  in  this  study,  is  not  suitable  for  a 
bimodal-shaped  distribution.  The  value  of  ALR  below  which  a 
bimodai-shaped  'ight  intensity  distribution  was  recorded  varied 
somewhat  depending  on  operating  pressure.  As  an  example,  the 
bimodal-shaped  distribution  occurred  for  ALRs  lower  than 
0.01 1  at  689  kPa  and  for  ALRs  lower  than  0.0P  at  276  kPa. 
The  SMD  data  at  these  lower  ALRs  is  shown  in  Fig.  4  only  to 
indicate  approximate  trends  in  SMD  at  these  lower  ALRs. 

Figure  5  presents  q  as  a  function  of  ALR  at  four  different 
pressures  for  the  plain-orifice  atomizer  with  die  4-hole  orifice 
operating  in  the  bubbly  flow  regime.  All  q  values  shown  in  Fig. 
5  are  from  measurements  with  a  moac  modal-  shaped  light 
intensity  distribution.  Figure  5  shows  lhat  changes  in  operating 
pressure  and  ALR  have  little  effect  on  q  with  all  values  ranging 
between  1.5  and  1.8. 

As  previously  stated,  one  objec  tive  of  this  study  is  to  determine 
if  good  atomization  can  be  achieved  using  effervescent  atomizers 
that  turn  the  two-phase  flow  through  an  angle  just  prior  to 
ejection.  The  plain-orifice  atomizer  fitted  with  the  4-holc  orifice 
described  in  this  study  has  also  been  fitted  w;th  a  single-hcle 
orifice  (Ref.  51  for  similar  experiment*.  The  atomizer  showed 
die  same  general  operating  characteristics  with  the  singlt  hole 
orifice  and  the  4-holc  orifice;  but,  for  the  same  ALR  and 
operating  pressure,  the  single-hole  orifice  produced  a  spray  with 
lower  SMD  values  in  the  bubbly  flow  regime  (down  to 
approximately  25  urn)  and  operated  at  lower  ALRs  without  the 
greatly  increased  presence  of  large  drops  identified  by  the 
bimodal-shaped  light  intensity  distribution  as  described  above. 
The  4-hole  orifice  was  the  first  attempt  to  achieve  a  wide  spray 
angle  with  the  effervescent  atomizer  and  the  exit  holes  were  not 
optimized.  The  I/d  ratio  of  5  that  the  4-hole  orifice  has  is 


considerably  larger  than  the  single-hole  orifice's  I/d  of  0.5.  A 
smaller  I/d  may  improve  atomization  quality  or  increase  the  range 
of  ALRs  that  gives  good  atomization  in  the  bubbly  flow  regime. 

4.2  Conical-Sheet  Atomizer 

The  liquid  employed  in  all  experiments  with  the  conical-sheet 
atomizer  was  water.  Operation  of  the  conical -sheet  atomizer  was 
investigated  along  lines  of  constant  pressure  with  increasing 
Al.R  at  several  discharge  gap  widths.  Observations  of  the 
operating  and  spray  characteristics  were  made  during  the 
collection  of  drop  size  data.  These  observations,  along  with  the 
information  furnished  by  the  Malvern  system,  provide  a  good 
basis  for  describing  die  operation  of  the  atomizer.  Atomizer 
operation  is  described  below  for  a  range  of  parameters, 
including  operating  pressures  from  69  to  552  kPa,  gap  widths 
from  0, 1 0  to  0,37  mm.  and  ALRs  from  zero  to  us  high  as  0. 1 2 
at  some  pressures. 

Atomizer  operation  with  no  air  injection  (ALR  *  0).  at  the  low 
pressures  examined  in  this  investigation,  showed  that  the  liquid 
exited  the  atomizer  in  the  form  of  a  conical  sheet  which 
subsequently  broke  up  into  large  drops  several  centimeters 
downstream.  With  the  addition  of  only  a  very  small  amount  of 
air.  the  continuous  liquid  sheet  was  sporadically  disrupted  at  the 
atomizer  exit  by  the  expanding  gas  bubbles.  As  the  ALR  was 
increased,  the  greater  quantity  of  air  in  the  internal  two-phase 
flow  cuused  more  thorough  breakup  of  the  liquid  sheet  and 
eventually  produced  a  finely  atomized  spray  wiih  liquid  breakup 
occurring  at  the  atomizer  exit. 

The  conical-sheet  atomizer  exhibited  smooth  und  continuous 
changes  in  spray  properties  across  all  pressures,  gap  widths, 
and  ALRs  investigated,  with  no  regions  of  unstable  operation. 
This  continuously  stable  atomizer  operation  was  unlike  the  plain- 
orifice  atomizer  where  changes  in  the  internal  two-phase  flow 
caused  the  spray  to  become  unsteady.  The  range  of  ALRs  over 
which  atomizer  operation  was  investigated  was  smaller  with  the 
conical-sheet  atomizer  than  with  the  plain-orifice  atomizer 
because  of  flow  limitations  of  the  experimental  apparatus,  out 
the  conical-sheet  atomizer  operated  steadily  at  ALRs  where  the 
plain-orifice  atomizer  operation  was  unsteady  and  classified  as 
being  in  the  transition  regime.  Since  the  two-phase  flow 
passage  in  the  conical-sheet  utomizer  was  machined  from  brass, 
no  observations  of  the  internal  two-phase  flow  were  possible. 

No  previous  work  was  found  on  the  classification  of  flow 
patterns  in  downward  cocurreni  two-phase  flow  in  an  annular 
flow  passage.  The  nature  of  the  two-phase  flow  pattern  present 
in  the  atomizer  across  its  range  of  operation  is  thus  unknown. 
Based  on  previous  work  with  circular  flow  passages,  a  bubbly 
flow  pattern  most  likeiy  exists  at  the  lower  ALRs.  At  the  higher 
ALRs  however,  a  bubbly  flow  pattern  is  unlikely  because  of  the 
higher  void  fractions.  For  example,  an  operating  point  with  an 
ALR  of  0.05  and  a  pressure  of  1 38  kPa  has  an  average  void 
fraction  of  0.946  which  is  considerably  higher  than  previously 
reported  for  a  bubbly  flow  pattern.  One  possible  explanation  for 
the  absence  of  any  region  of  unstable  operation  is  that  the 
annular  flow  passage  and  exit  throat  may  moderate  the  effects  of 
detrimental  flow  patterns  that  might  be  formed,  such  as  slug 
flow,  by  providing  an  urea  around  the  annulus  for  the  large  air 
voids  to  spread  out  and  possibly  break  up.  The  air  and  liquid 
may  also  distribute  themselves  differently  in  an  annular  flow 
passage  and  never  fotm  flow  patterns  which  cause  noticeable 
unsteadiness  in  the  spray.  Another  possibility  is  that  the  exit  slot 
spreads  out  large  liquid  slugs  which  arc  (hen  broken  up  by  the 
atomizing  air.  In  any  case,  the  flow  instabilities  that  occurred 
with  the  plain-orifice  atomizer  were  outside  the  range  of 
effervescent  atomization. 

Liquid  is  discharged  from  the  exit  throat  of  the  conical-sheet 
atomizer  to  form  a  hollow  cone  spray  where  most  of  the  droplets 
are  concentrated  around  the  cuter  edge  of  a  conical  spray  pattern. 
One  of  the  advantages  of  this  atomizer  is  that  the  angle  of  the 
internal  flow  passage  may  be  designed  to  give  virtually  any 
desired  spray  angle.  The  radial  pattemator  described  above  was 
used  to  give  an  approximation  of  the  angle  of  the  spray  emitted 


from  the  conical-sheet  atomizer.  All  measurements  were  taken 
with  no  atomizing  air  becau.  ?  of  the  difficulty  of  obtaining 
reliable  measurements  from  the  sprays  produced  with  air 
injection.  With  no  atomizing  air  the  liquid  was  concentrated  in 
the  form  of  u  conical  sheet,  and  spruy  angles  were  measured  by 
observing  which  puttemator  sampling  tube  and  the  location 
within  that  tube  that  the  liquid  entered  (ref.  5  gives  a  more 
complete  description  of  the  procedure).  Measurements  were 
made  at  five  gap  widths  from  0. 10  to  0.29  mm,  with  operating 
ptessures  varying  from  138  to  552  kPa  at  some  gup  widths. 

The  measured  spray  angle  Increased  with  increasing  gup  width 
from  78.5°  at  0. 10  mm  to  86.5°  at  0.29  mm.  Variations  in 
pressure  had  no  effect  on  the  spray  angle.  The  measured  spray 
angles  were  within  the  range  expected  since  the  exit  of  tire 
atomizer  body  was  machined  to  an  angle  of  70°  and  the  atomizer 
stem  had  an  angle  of  90".  When  air  was  added  to  the  liquid 
upstream  of  the  exit  throat,  the  spray  dispersed  about  the  conical 
path  defined  by  the  liquid  sheet  with  no  air  addition. 

The  circumferential  distribution  of  liquid  emitted  from  the 
conical  sheet  atomizer  was  measured  using  the  circumferential 
pattemator.  All  measurements  were  taken  without  atomizing  air 
to  eliminate  the  problem  of  drops  recirculating  out  of  the 
pattemator  that  occurred  when  air  injection  was  used.  Figure  6 
shows  the  volume  flow  rate  measured  by  the  circumferential 
pattemator  as  a  function  of  pattemator  section  at  three  gap 
w  idths.  The  volume  flows  were  normalized  by  the  average  flow 
collected  in  all  sections.  The  data  shown  in  Fig.  6  were  taken  at 
an  operating  pressure  of  276  kPu.  Measurements  at  1 38  and 
552  kPa  showed  similar  results.  This  plot  illustrates  that  a 
fairly  even  distribution  of  liquid  was  discharged  from  the 
annular  exit  throat  with  the  only  discrepancy  occurring  at 
sections  11  through  13.  This  even  distribution  of  liquid 
indicates  proper  alignmen*  of  the  stem  within  the  atomizer  body 
giving  a  constant  gap  width  around  the  annulus  of  the  exit 
throat. 

Measurements  of  SMD  were  nuuie  across  a  range  of  parameters 
which  included  four  gap  widths  from  0.10  nun  to  0.37  mm  and 
four  operating  pressures  from  69  kPa  to  552  kPa.  The  range 
of  ALRs  investigated  at  each  pressure  varied  because  of  flow 
limitations  of  the  experimental  apparatus,  but  all  measurements 
were  within  a  range  of  ALRs  from  ().(X)1  to  0. 12.  The  light 
beam  was  positioned  to  take  measurements  along  a  horizontal 
path  passing  through  the  axis  of  the  spray  1 52  mm  below  the 
atomizer  exit.  To  assure  an  accurate  representation  of  the  spray, 
drop  size  measurements  were  taken  with  the  atomizer  rotated 
about  the  spray  uxis  to  several  positions,  as  described  below. 

The  width  of  the  spray  cone  at  1 52  mm  fie  low  the  atomizer  exit 
required  that  a  light  guide  he  used  to  keep  the  length  of  the 
sampling  volume  within  300  mm  of  the  Malvern  receiver  lens. 
The  light  guide  was  a  steel  lube  mounted  horizontally  that 
shielded  the  laser  beam  from  half  of  the  spray  so  that  the 
sampling  volume  started  at  the  axis  of  the  spray  cone. 

The  dependence  of  SMD  on  ALR  and  operating  pressure  is 
illustrated  in  Figs.  7  through  10  where  SMD  is  plotted  as  a 
function  of  ALR  for  four  pressures.  Each  figure  presents  a 
different  gap  width  with  the  a'omizer  body  held  at  a  fixed 
position  termed  Position  A.  These  plots  show  that  SMD 
decreases  as  ALR  increases  at  low  values  of  ALR,  but  tends  to 
level  off  at  the  higher  ALRs.  At  some  pressures,  measurements 
were  made  at  ALRs  up  to  0. 12.  Data  at  these  higher  values  of 
ALR  continued  to  show  the  trend  of  leveling  off  and  are  not 
presented  here  to  avoid  compressing  the  graphs.  The  data  also 
show  that  the  general  effect  of  an  increase  in  operating  pressure 
is  to  decrease  the  SMD. 

Drop  size  measurements  were  made  at  several  ALRs  lower  than 
those  shown  in  Figs.  7  through  10,  but  the  light  intensity 
distribution  recorded  by  ihe  Malvern  system  hud  a  bitnodal 
shape  which  indicated  a  substantial  increase  in  the  number  of 
large  drops.  The  bimodal  shape  at  these  lower  ALRs  indicates 
that  the  spray  was  not  fully  developed.  The  Rosin  Rammler 
data  reduction  routine  is  not  suitable  for  a  bimodal-shaped 


distribution,  and  SMD  values  calculated  tor  these  points  ate  not 
shown. 

Drop  size  measurements  were  also  taken  with  the  utomizer 
rotuted  100°  ubout  the  spray  axis  from  Position  A  so  that  the 
Malvern  system  wus  sampling  data  at  a  different  locution  in  the 
spray.  This  alternative  position  is  designated  as  Position  B. 

The  trends  in  SMD  shown  at  Position  B  were  generally  the  same 
as  those  shown  at  Position  A.  This  may  be  observed  by 
comparing  Figs  8  and  1 1. 

The  effect  of  gap  width  on  SMD  is  illustrated  in  Fig.  12  where 
SMD  is  plotted  as  a  function  of  ALU  for  four  gap  widths.  This 
lot  presents  spray  duta  for  a  constant  operating  pressure  of 
76  kPa  with  the  atomizer  located  in  Position  u.  Inspection  of 
all  the  SMD  data  obtuined  over  a  range  of  pressures  from  69  to 
5f>2  kPa  shows  that  the  influence  of  gap  width  on  SMD 
deercuses  us  pressure  or  ALR  increases.  At  the  lowest  pressure 
exumined,  69  kPa,  tiata  at  ALRs  less  thar  0.04  show  that  the 
larger  gap  widths  produce  sprays  with  larger  SMDs;  but  at 
ALRs  greutcr  than  0.04,  gup  width  uppeurs  to  have  no  effect  on 
SMD.  At  pressures  of  1 38  and  276  kPa,  the  influence  of  gap 
width  on  SMD  progressively  decreases  until,  at  n  pressure  of 
552  kPa,  gap  width  has  no  noticeable  effect  on  SMD. 

The  Rosin  Rummler  q  parameter  calculated  front  measurements 
made  with  the  Malvern  particle  size  analyzer  is  used  to  represent 
the  drop  size  distribution  of  the  spray  produced  by  the  conical- 
sheet  atomizer.  Figure  1 3  is  typical  of  the  results  obtained.  For 
pressures  front  69  to  552  kPa  and  gap  widths  front  0. 10  to 
0.37  mm,  most  q  \  allies  lie  between  1.5  and  2.0,  although 
some  values  at  69  kPa  are  as  high  as  2.3.  Air/liquid  mass  ratio 
has  only  a  small  effect  on  q,  with  all  values  at  a  given  pressure 
and  gap  width  failing  within  a  range  of  approximately  0.3.  In 
general,  q  decreases  with  increases  in  pressure. 

The  influence  of  gap  width  on  q  is  illustrated  in  Fig.  14  where  q 
is  plotted  as  a  function  of  ALR  for  four  gap  widths. 

Examination  of  these  and  other  data  show  that,  in  general,  an 
increase  in  gap  width  reduces  q. 

S.  CONCLUSIONS 

Experimental  results  for  the  4- hole  plain-orifice  atomizer 
operating  in  the  bubbly  flow  regime  show  that  SMD  decreases 
with  an  increase  in  either  ALR  or  operating  pressure.  The  effect 
of  ALR  on  SMD  decreases  as  the  value  of  ALR  is  increased. 

The  q  values  in  the  bubbl>  flow  regime  are  almost  independent 
of  ALR  and  operating  pressure.  The  most  significant  result  with 
this  atomizer  is  that  good  atomization  can  be  achieved  with  an 
orifice  that  turns  the  two-phase  flow  through  an  angle  just  prior 
to  ejection. 

The  conical- sheet  atomizer  was  investigated  over  a  range  of 
operating  pressures  from  69  to  552  kPa,  gap  widths  from  0. 10 
to  0.37  mm,  and  ALRs  from  zero  to  as  high  as  0.12  at  some 
pressures.  No  major  changes  in  spray  behavior  were  identified 
across  this  range  of  ALR.  This  result  was  somewhat  surprising 
considering  that  the  experiments  included  some  values  of  ALR 
where  the  expected  interna)  two-phase  flow  patterns  should  have 
caused  unstable  atomizer  operation  similar  to  that  which 
occurred  during  the  transition  regime  identified  with  the  plain- 
orifice  atomizer.  This  lack  of  unstable  atomizer  operation 
indicates  that  the  two-phase  flow  in  the  conical -sheet  atomizer  is 
inherently  more  stable  for  atomization  purposes  than  that  in  the 
plain-orifice  atomizer  One  possible  explanation  for  the  absence 
of  any  region  of  unstable  atomizer  operation  is  that  the  annular 
flow  passage  and  annular  exit  throat  may  moderate  the  effects  of 
detrimental  flow  patterns  that  might  be  formed,  such  as  slug 
flow,  by  providing  an  area  around  the  annulus  for  the  large  air 
voids  to  spread  out  and  possibly  break  up.  The  air  and  liquid 
may  also  distribute  themselves  differently  in  an  annular  flow 
passage  and  never  form  flow  patterns  which  cause  noticeable 
unsteadiness  in  the  spray.  Another  possibility  is  that  the  annular 
exit  throat  spreads  out  large  liquid  slugs  which  are  then  broken 
up  by  the  atomizing  air. 


Drop  size  measurements  on  the  conical-shoe'  atomizer  showed 
the  following  trends.  Sumer  mean  diameter  decreases  with  an 
increase  in  cither  ALR  or  operating  pressure.  As  with  the  plain- 
orifice  atomizer,  the  effect  of  ALR  on  SMD  decreases  as  the 
value  of  ALR  increases.  At  low  values  of  both  pressure  and 
ALR,  SMD  increases  with  increases  in  gap  width.  The 
influence  of  gap  width  on  SMD  decreases  with  un  increase  in 
cither  pressure  or  ALR.  Above  an  ALR  of  0.04,  gup  width  has 
no  effect  on  SMD  regardless  of  pressure.  At  the  highest 
pressure  investigated  (552  kPa),  SMD  was  independent  of  gup 
width  for  all  ALRs.  Air/liquid  mass  ratio  has  only  a  small  effect 
on  the  Rosin-Rammler  q  parameter.  Operating  pressure  ulso  has 
a  weak  influence  on  the  value  of  o,  with  on  incteuse  in  pressure 
producing  u  small  decreusc  in  q.  In  general,  un  increase  in  gup 
width  results  in  a  small  decreusc  in  q. 
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Fig.  5  Effect  of  air/liquid  mass  ratio  and  operating  pressure 
on  drop  size  distribution 
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Fig.  6  Circumferential  liquid  distribution  of  ccnical-sheet 
atomizer 
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Fig.  7  SMD  data  for  conicat-sheet  atomizer  with  a  gap 
width  of  0.10  mm 
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Fig.  8  SMD  data  for  conical-sheet  atomizer  with  a  gap 
width  of  0.20  mm 


Fig.  12  Effect  of  gap  width  on  SMD  for  conical-sheet 
atomizer 


Fig.  !3  Effect  of  operating  pressure  t.n  arop  size  distribution 
for  corneal  sheet  atomizer 
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Effec'  of  gap  width  on  drop  size  distribution  for 
conical-sheet  atomizer 
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Discussion 


Question  1.  R.  Jeckel 

In  what  range  can  the  fuel  mass  flow  be  varied  without  strongly  affecting  the  dropsize?  What  is  the  advantage  of  this  system 
compared  to  pressure  and  airblast  atomizers0 

Author's  Reply 

Unlike  pressure  atomizers  which  lack  the  ability  to  achieve  good  atomization  over  a  wide  range  of  fuel  flows,  the  quality  of 
atomization  from  an  effervescent  atomizer  is  a  function  of  air/liquid  mass  ratio  as  well  as  injection  pressure.  Also,  the  injection 
pressure  in  an  effervescent  atomizer  if  a  function  of  the  rates  of  both  (he  liquid  and  the  atomizing  gas.  These  factors  provide  the 
opportunity  to  achieve  good  atomization  over  a  wider  range  of  fuel  flow  rates.  The  range  over  which  good  atomization  can  be 
produced  is  dependent  on  the  design  and  operating  characteristics  of  the  particular  atomizer. 

Effervescent  atomizers  have  the  ability  to  achieve  good  atomization  at  lower  pressures  than  pressure  atomizers,  and,  since  both 
the  liquid  and  the  atomizing  gas  are  ejected  through  the  same  exit,  the  flow  passages  in  the  atomizer  can  be  made  larger  which 
reduces  the  problem  of  blockage  by  fuel  contarninents. 

Advantages  of  effervescent  atomizers  over  airblast  atomizers  include  the  ability  to  achieve  good  atomization  at  relatively  low  ail/ 
liquid  mass  ravins,  plus  larger  flow  passages  which  reduce  blockage  problems. 


Question  2.  S.  Sivasegaram 

The  SMD  values  obtained  with  the  Malvern  instrument  are  subject  to  some  uncertainty  relating  to  the  assumed  droplet  size 
distribution.  Were  any  of  yout  results  compared  with  measurements  using  the  Phase-Doppler  method? 

Author's  Reply 

No  spray  measurements  of  either  of  the  two  experimental  atomizers  used  in  these  studies  were  taken  with  a  Phase  Doppler 
Particle  Analyzer.  Except  where  noted  in  the  paper,  the  light  intensity  distribution  recorded  by  the  Malvern  Particle  Size 
Analyzer  indicated  that  the  Rosin-Rammler  distribution  model  was  appropriate  for  all  data  presented  in  this  paper.  The  data 
reduction  routine  resident  on  the  Malvern  system  calculates  and  presents  an  error  term  for  the  data  fit  to  the  assumed 
distribution  model.  Except  for  the  date,  points  noted  in  the  paper  as  having  questionable  validity,  the  etror  term  for  all  presented 
data  is  low  with  the  Rosin-Rammler  distribution  model.  These  low  values  of  the  error  term  are  further  indication  that  the  Rosin- 
Rammler  distribution  model  is  appropriate.  For  the  experimental  atomizers  employed  in  tnesc  studies,  the  general  level  of  the 
SMD  achieved  and  the  trends  in  atomization  quality  are  more  important  than  the  exact  value  of  the  data  points. 
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Abstract 

The  RQL-combustion  system  is  a  potential  concept  to 
reduce  both  NOx  and  CO,  UHC  emissions  In  view  of  the 
concept's  crucial  mixing  process,  an  expei  internal  inves¬ 
tigation  of  a  non-reacting  multiple  jet  mixing  with  a 
confined  crossflow  has  been  conducted.  Temperature 
distributions,  mixing  rate  and  standard  deviation  were 
determined  for  measurements  with  round  jet  orifices  by 
parametric  variation  of  flow  and  geometric  conditions. 
The  results  show'  that  best  mixing  strongly  depends  on 
an  optimum  momentum  flux  ra'io  Tco  high  ratios  yield 
a  deterioration  of  mixing  process,  due  to  the  mutual  im¬ 
pact  of  opposed  entraining  jets.  Furthermore,  over  a  wide 
range  of  geometries  investigated,  inline  and  staggered 
configurations  provide  similar  mixing  rates.  An  appre¬ 
ciable  enhancement  of  mixing  with  staggered  orifice 
configurations  only  occurs  for  high  momentum  flux  ra¬ 
tios  and  large  spacings. 


Nomenclature 

Aj  je>  orifice  area 

A™  mainstream  area 

cu  discharge  coefficient 

d  jet  diameter 

h  height  of  duct 

J  momentum  flux  ratio  -  (pj/p*, )  (vj/v*, )‘ 

s  spacing  of  jet  centerlines 

»hj  jet  massflow 

ih^  mainstream  massflow,  before  mixing 

n  number  of  data  points  in  y-z-plane 

Tj  local  temperature 

Tj  jet  tempeiature 

T udb  adi  ibatic,  ideal  mixing  temperature 

„  ni«'T«+ih)'T) 

‘•db  -  :  : - 

mw  +  mj 

T«,  mainsiream  temperature  before  mixing 

vj  jet  veloc  ity 

v-  mainstream  velocity,  before  mixing 

w  width  of  duct 

x  downstream  location  from  jet  centerline 

y  lateral  distance  from  middle  of  channel 

z  vertical  distance  from  middle  of  channel 

ej  local  mixing  rate 

e  overall  mixing  rate 


Pj  jtt  flow  density 

Poo  mainstream  density 

a  standard  deviation  from  ideal  mixing 

temperature 

0,  dimensionless,  local  temperature 


Introduction 

Alteration  of  the  high  tropospheric  and  stratospheric 
chemistry  combined  with  the  depletion  of  the  Earth's 
protective  czone  layer  require  the  scrutiny  of  emissions 
from  aircraft  engines.  Conventional  aviation  releases 
pollutants  at  altitudes  where  the  chemical  balance  of  the 
atmosphere  is  extremely  sensitive  [1],  Continuously  im¬ 
proving  the  efficiency  of  gas  turbines  by  increasing  tur¬ 
bine  inlet  temperatures  along  with  higher  pressure  ratios 
raised  the  levels  of  emitted  NOx  while  diminishing  the 
rate  of  CO  and  UHC.  New  combustion  systems  must  be 
developed  to  reduce  both  NOx  and  CO  /  UHC  pollutants 
This  holds  true  not  only  for  high  speed  civil  transport 
(H3CT)  |2,3J.  The  stoichiometric  operation  of  'be  pri¬ 
mary  zone  has  to  be  avoided  due  to  the  strong  tempera¬ 
ture  dcpendancc  of  thermal  NOx  formation  (Zeldovich 
mechanism).  The  most  promising  combustor  approaches 
to  reduce  NOx  cmittancc  up  to  10%  of  common  levels 
are  the  lean  premixed/prevaporized  (LPP)  and  the  rich 
burn/quick  quench/lean  burn  (RQL)  -combustion  sys  etns 
|4],  Significant  drawbacks  of  the  LPP-  combustor  in¬ 
clude  flame  stability,  altitude  relight  and  flashback 
problems.  Th*s  recently  led  'o  increasing  emphasis  on 
the  RQL-research,  which  originally  was  conceived  for 
burning  high  fuel-bound-nkrogen  fuels  in  stationary  gas 
turbines  [5,6|. 

The  RQL-'Ximbustion  initially  takes  place  under  fuel- 
rich  conditions  with  equivalence  ratios  above  1.3  in  or¬ 
der  to  lower  primary  zone  temperature  and  the  formation 
of  thermal  NOx.  The  primary  zone  is  followed  by  the 
quick  mixing  with  additional  air  in  the  quenching  sec- 
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tioa  to  achieve  lean  conditions  in  the  srcondaiv  zone. 

The  combustion  is  completed  operatin'?  at  an  equiv  alence 
ratio  of  0.5  tc  0  7.  Thus,  pollutants  are  reduced  formed 
by  partial  burning. 

Besides  difficulties  in  cooling  the  liner  of  the  primary 
zone  without  film  cooling,  the  predominant  problem 
consists  in  the  rapid  and  intense  mixing  of  air  injected 
between  the  stages. 

Therefore,  an  investigation  of  a  multiple  jet  injection 
into  a  crossflow  without  chcmicai  reaction  is  presented, 
in  order  to  examine  favourable  parameters  for  mixing. 


Basic  Considerations 

A  considerable  amount  of  effort  has  been  devoted  in  the 
past  to  jet  mixing,  e.g.  17,8,9|.  The  major  distinction  in 
previous  investigations  has  been,  that  injected  massflow 
to  mainstream  ratio  is  about  2.  which  can  hardly  be  real¬ 
ized  by  one  row  of  opposing  jets.  At  least  3  opposing 
rows  of  circular  jets  arc  required  in  the  mixing  moduie. 
in  the  present  paper,  basic  studies  with  corresponding 
massflow  of  one  row  of  opposing  jets  are  presented. 
Keeping  mainstream  conditions  constant,  orifice  size  and 
spacing  are  varied. 

In  comparison  to  the  concentration  difference  ol  the 
streams  ir,  the  RQL -combustor  the  mainstream  is  heated 
up,  using  temperature  as  an  indicator  of  mixing.  It  enters 
the  test  section  with  a  temperature  of  325K  and  a  veloc¬ 
ity  o.'  19  m/s  (Re.  =  105),  while  jets  are  injected  with  a 
temperature  of  300  K. 

The  density  ratio  pj/p,,  is  about  1 .  In  so  tar  as  momentum 
flux  ratio  is  unaffected,  the  influence  of  density  ratio  on 
mixing  is  neglected  (7).  Combustion-caused  pressure 
drop?  across  the  liner  (*3%)  and  density  ratios  of  3 
provide  high  momentum  flux  ratios,  especially  for  the 
first  row  of  jets  in  the  mixing  zone.  Hence,  main  effort 
was  concentrated  on  geometries  for  high  momentum  flux 
ratios  up  to  180,  according  to  the  application  The  meas¬ 
urements  in  the  mixing  zone  arc  carried  out  by  travers¬ 
ing  a  temperature  probe  in  the  y-z-plane  at  different  lo¬ 
cations  x,'h  (tig.  1). 

The  dimensionless  temperature  distributions  are  ex¬ 
pressed  in  terms  of 


Tc  get  a  criterion  for  the  degree  of  mixing  hi  the  y-z- 
plane  the  local  r.j  and  overall  mixing  rale  c  arc  defined 
with 
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In  addition  more  comparisons  to  published  results  |2,!  1] 
can  be  ac  hieved  infoducing  the  standard  deviation  from 
ideal  mixing  temperature 
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Experimental  Facility 

The  experiments  were  carried  out  in  the  institute's  mix¬ 
ing  chamber  test  rig  (fig.  2).  The  airflow  is  supplied  by  a 
radial  compressor  (max.  2.6  kg/s  at  4  bars).  By  means  of 
throttles,  the  flow  is  divided  into  the  jetstreatn  and  the 
mainstream,  which  is  subsequently  heated.  Upper  and 
lower  jetstream  and  the  mainstream  pass  settling  cham¬ 
bers,  flow  straighteners  with  nozzles  and  enter  the  mix¬ 
ing  section  (fig.  i). 

The  atmospheric  mixing  chamber  consists  of  3  parallel 
ducts  of  constant  rectangular  cross  sections.  The  test 
section  itself  is  300  mm  in  width  and  100  mm  in  height. 
The  mixing  configurations  arc  2  mm  thick  plates,  which 
can  be  exchanged  A  3  axis  traversing  mechanism  can 
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reach  y-z-pianes  ovei  600  mm  in  the  streamwise  direc 
tion. 

Traversing  of  the  probe,  the  data  acquisition  and  the 
operation  of  the  test  rig  is  controlled  by  a  PC  386  For 
temperature  measurements,  iron-cons  tan  tan  thermocou¬ 
ples  were  used.  The  massflow  of  each  stream  was  meas¬ 
ured  by  orifice  flow  meters.  Conventional  pressure  trans¬ 
ducers  in  combination  with  scanivslvc  devices  provide 
the  pressure  acquisition. 

The  turbulence  level  of  the  mainstream  was  kept  con¬ 
stant  at  1%.  For  further  investigations  the  turbulence 
intensity  can  be  varied  up  to  10%  by  a  turbulence  gen¬ 
erator.  Moreover  it  is  possible  to  pass  jet  massflow 
around  the  test  section  without  mixing,  to  simulate  the 
dilution  air  supply. 


Mixing  Configurations 

Fig.  3  shows  the  configurations  investigated.  Each  of  the 
circular  orifice  plates  was  analysed  with  opposing  jets 
inline  and  staggered.  Thus,  12  different  configurations 
were  mounted  in  the  test  section.  The  discharge  coeffi¬ 
cients  cD  for  all  geometries  was  about  0.63  without  -  and 
0.68  with  -  crossflow,  slightly  depending  on  momentum 
flux  ratio. 

Two  different  test  scries  originally  with  constant  spacing 
(s/d  =  2)  and  then  with  constant  mass  flow  (  EAj  - 
const.)  were  conducted. 


Conf.  I  2 

h/d  10  6.67 

s/d  2  2 

IAj/.\w  0.076  0.118 
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5  20  12.5  10 

2  2  3.12  4 

0.147  0.039  0.040  0.042 


F'g.  3  Mining  configuration* 


Results  and  Discussion 

For  each  configuration  the  momentum  flux  ratio  J  was 
varied  to  look  for  optimum  ratios  and  mixing  (maximum 
range  investigated  J=  ?  -  180).  Mixing  rates  and  stan¬ 
dard  deviation  were  determined  over  several  pitches  in 


the  middle  of  the  test  section  taking  a  periodical  flow- 
field  into  account. 


A  Variation  of  Momentum  Flux  Ratio 


The  mixing  rote  and  standard  deviation  versus  x/h  arc 
shown  in  fig.  4  and  fig.  5,  respectively  with  h/ti  ■  6.67 
and  parametric  variation  of  J. 
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Pig.  4  Standard  deviation,  configuration  2 
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Pig.  S  Mixing  rate,  configuration  2 


In  this  pariicular  case  an  optimum  J  of  20  was  observed. 
In  contrast  to  previous  jet  mixing  investigations  (10,11], 
optimum  values  of  momentum  flux  ratio  occurred  for  all 
configurations  rested.  Exceeding  the  optimum  ratio  leads 
to  an  impairment  of  mixing  quality.  Beyond  that,  n  and  a 
show  good  agreement  for  all  configurations  in  respect  of 
tendency  and  optimum  values  of  J.  Thus,  Outlier  results 
are  restricted  to  presentation  of  mixing  rates. 

Fig.  6  shows  the  ©-distributions  in  the  yz-plane  for 
three  different  momentum  flux  ratios  at  several  down¬ 
stream  locations  x/h.  ©  =  0  corresponds  to  unmixed  jet 
flow;  0  =  1  to  mainstream.  In  the  optimum  case  of  J  = 
20  the  cores  of  the  jctJ  arc  maintained,  offering  maxi¬ 
mum  transfer  surface  between  jet  ai.d  mainstream  for 
thermal  equalization.  For  low  ratios  of  J  ~  10,  the 
crossflow  in  the  middle  of  the  duct  remains  unaffected  by 
the  entraining  jets.  At  higher  momentum  flux  ratios  ()  = 
40)  the  jets  coalesce  and  an  accumulation  of  jet  flew  in 
the  mid  axis  of  the  duct  is  observed.  The  mainstream 
passes  the  mixing  section  at  the  sidewalls  of  the  channel 
Underpenct ration  (J  ^  Jopl.)  and  overpenetration  (J  > 


Jopt.)  of  the  jets  yield  to  a  thermal  stratification  of  >he 
flowfleld,  Therefore,  this  thermal  transfer  surface  be* 
tween  jets  and  mainstream  decreases  and  the  mixing 
process  deteriorates.  The  three-dimensional  jet-irjection 
into  the  crossflow  becomes  a  two-dimensional  mixing 
layer  problem  with  slow  thermal  equalization 
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Pig.  7  Mixing  rate,  h/d-  variation,  i/d  “  2 

Fig.  7  shows  the  mixing  rate  as  a  function  of  J  for  differ¬ 
ent  geometries  h/d,  keeping  the  spacing  constant  s/d  31  2. 
A  characteristic  downstream  distance  of  x/h  «=  0,5  is  cho¬ 
sen.  The  optimum  value  for  J  is  steadily  increasing  at 
high  li/d  ratios,  i.e.  smaller  jet  orifices.  A  satisfactory 
mixing  rate  at  high  momentum  flux  ratios  of  J  =  120  - 
180  can  only  be  achieved  with  a  geometry  of  h/d  =  20 
(fig.  8).  For  this  configuration  it  is  not  possible  to  merge 
the  jets  in  the  midaxis,  even  for  high  values  of  J,  The  test 
configurations  concentrated  on  relatively  low  s/d  ratios 
of  2,  because  of  the  high  required  jet-to-mainstream 
massflow  ratio  of  the  prospective  application. 
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Fig.  8  Mixing  rate,  configuration  4 


B  Variation  of  Discharge  Area  Distribution 

Comparing  mixing  configurations  with  different  total 
orifice  areas  implies  different  jet-to-mainstream  mass- 
flow  ratios  if  the  momentum  flux  ratio  is  kept  constant 
Therefore,  it  is  difficult  to  comment  on  mixing  efficien¬ 
cies  while  changing  massflow  ratios.  For  this  reason,  a 
variation  of  orifice  distribution  with  the  configurations  4. 
5  and  6  (fig.3)  was  carried  out. 


The  total  discharge  area  EAi  was  kept  constant  |2|.  Fig.V 
shows  the  mixing  rate  vs.  x/n  for  s/d  ■  4  and  h/d  -  10. 
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rig,  9  Mixing  rmU,  configuration  6 

Increasing  the  momentum  flux  ratio  above  J  -  40  does 
not  change  the  tendency  for  e.  The  optimum  value  of  J  is 
lower  than  similar  geometry  with  s/d  *  2  (fig.7),  due  to  a 
smaller  blockage  effect  on  the  mainstream.  For  J  -  80, 
jet  backflow  is  observed.  In  spite  of  enlarging  the  mixing 
region  in  the  upstream  direction  during  jet  backflow, 
mixing  efficiency  diminishes.  Backflow  involves  local 
stoichiometric  regions  in  the  primary  zone  with  inevita¬ 
ble  high  NO*  emissions. 

Fig.  10  presents  a  comparison  of  the  configurations  4,3 
and  6  with  a  momentum  flux  ratio  of  J  =  5  and  50.  For 
low  values  of  J,  mixing  rate  is  augmented  with  high  s/d 
and  low  h/d  ratios,  respectively. 
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Fig.  19  Mixing  rale,  variation  of  area  distribution 

Increasing  the  momentum  flux  ratio  (J  =  50  ),  best  mix¬ 
ing  is  shifted  towards  s/d  =  3. 125  and  h/d  -12  5.  Mixing 
for  values  of  J  higher  than  80  without  stratification  of  the 
flowfleld  and  jet  backflow  is  only  feasible  for  h/d  =  20, 
s/d  =  2  (fig.  8). 

In  Fig.  11,  the  case  of  J  =  50  is  shown  for  different  ge¬ 
ometries  at  discrete  downstream  locations.  As  mentioned 
for  that  particular  momentum  flux  ratio,  good  mixing 
rates  occur  at  s/d  =  3.125  and  h/d  =  12.5.  Smaller  ori- 
flres  (s/d  =  2,  h/d  =  20)  lead  to  underpenctration  of  the 
jets  and  larger  hole  diameters  (s/d  =  4,  h/d  =  10)  provide 
a  stratification  of  the  streams,  a  lower  thermal  transfer 
surface  and  a  worse  mixing  rate. 
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Fig.  11  ©-  distributions,  conf.  4,5  and  6,  J*  50 


C  Staggered  Configurations 

The  proceeding  results  confirm  that  mixing  quality  and 
downstream  mixing  development  basically  depend  upon 
maximizing  the  contact  and  transfer  surface  between  jets 
and  the  mainstream  -  not  upon  enlarging  of  momentum 
flux  rado.  Onu  possibility  to  enhance  this  transfer  surface 
is  a  staggered  arrangement  of  the  jets  in  the  rows.  Thus, 
nil  geometries  shown  in  fig.  3  were  tested  with  inline  and 
staggered  configurations. 

Fig.  12  compares  the  mixing  rates  fot  both  configura¬ 
tions  with  s/d  -  2  and  h/d  *  20.  In  the  ease  of  under- 
penetration,  the  jets  do  not  merge  in  the  mid-axis  and  no 
difference  in  mixing  rate  between  inline  and  staggered 
configuration  occurs. 


Even  for  high  momentum  flux  and  high  h/d  ratios  with 
an  impact  of  opposing  jets,  it  is  not  possible  to  force  the 
jets  to  pass  one  another,  due  to  small  spacing  and  the 
spread  of  the  entraining  jets.  By  enlarging  the  spacing 
between  the  orifices,  jets  can  cross  the  opposite  row  and 
the  mid-plane  of  the  channel. 

In  Fig  13,  ©-distributions  are  illustrated  for  configura¬ 
tion  6  (s/d  --  4)  with  inline  and  staggered  arrangement. 
As  far  as  the  cores  of  the  opposing  jets  do  not  meet  in  the 
mid  of  the  channel  (J  =  40),  inline  and  staggered  geome¬ 
try  provide  similar  results.  However,  for  J  =  120  the  jets 
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Klg.  14  Mixing  rate,  configuration  6,  ftaggered 

pass  the  opposing  row.  As  a  result  of  an  increase  of 
contact  surface  between  the  streams,  staggered  mixing  is 
intensified,  in  comparison  to  the  inline  configuration. 


3v-7 

The  mixing  rate  for  the  spacing  of  s/d  «  4  is  shown  in 
tig.  14.  In  contrast  to  fig. 9,  it  is  remarkable  that  similar 
tendency,  up  to  momentum  flux  ra'ios  of  J  ■  40,  arc  ob¬ 
served.  For  this  value  of  J,  the  spreading  jets  meet  in  the 
middle  of  the  duct.  But,  unlike  inline  geometry,  a  farther 
increase  in  J  docs  not  leed  to  a  stratification  of  the  flow- 
field.  For  high  momentum  flux  ratios,  the  cores  of  the 
jets  cross  the  mid-plane  of  the  channel  and  mix  with  the 
mainstream.  Thus,  if  mixing  rates  must  be  optimized, 
the  cores  of  jets  must  be  well  distributed  over  the  y-z- 
plane,  in  accordance  with  the  results  of  chapter  A. 


Conclusions 

This  investigation  has  pointed  out  that  mixing  quality 
strongly  depends  on  the  momentum  flux  ratio  and  the 
geometry  of  the  mixing  zone.  The  results  show  that: 

•  Standard  deviation  and  mixing  rate  as  defined  match 
in  respect  of  their  information  about  tendency  and  opti¬ 
mum  momentum  flux  ratios. 

•  For  all  configurations  investigated  an  optimum  mo¬ 
mentum  flux  ratio  is  observed.  Exceeding  this  limit 
yields  to  a  deterioration  of  mixing  process. 

•  Optimum  mixing  precludes  the  mergence  of  the  oppos¬ 
ing  jets.  The  distribution  of  the  jet  cores  over  the  flow- 
field  should  be  as  homogeneous  as  possible,  in  order  to 
increase  the  thermal  transfer  surface  between  jets  and 
crossflow. 

•  For  all  inline  and  staggered  configurations  with  low 
ratios  of  s/d,  an  impact  of  opposing  jets  must  be  avoided 
to  achieve  best  mixing.  In  this  range,  comparable  inline 
and  staggered  geometries  provide  similar  mixing  rates. 

•  Staggered  configurations  require  high  values  of  s/d  to 
allow  mutual  passing  of  opposing  jets. 

•  Small  s/d  ratios  and/or  staggered  configurations  are 
preferred  to  meet  the  application's  requirements  of  high 
momentum  flux  ratios  and  intense  mixing. 
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Discussion 


Question  1.  Dr  L.  lanovski 

Are  you  planning  to  measure  the  mixing  of  non  perpendicular  jets? 

Author's  Reply 

Firstly,  we  investigated  the  basic  parameters  on  jet  mixing,  so  the  jet  axis  was  perpendicular  to  the  gas  (low.  In  the  future  we  plan 
to  pass  the  je.  mass  flow  around  the  test  section  without  mixing  to  simulate  tnt  dilution  air  supply,  so  the  jet  axis  will  be  inclined  in 
that  investigation. 


Question  2.  J.  Tilston 

Have  you  measured  the  mainstream  pressure  drop  that  occurs  across  the  mixing  section? 

Author’s  Reply 

Yes,  we  measured  pressure  drop.  However,  in  contrast  to  the  usual  jet  mixing  problems,  momentum  flux  ratio  and  pressure  drop 
are  fixed  because  of  the  RQL  application.  Therefore,  momentum  flux  rafio  is  chosen  to  match  the  application  and  pressure  drop 
i  i  not  of  primary  interest. 

Question  3.  Mario  Nina 

The  multiple  jet  configuration  can  be  affected  by  low  frequency  ascillations  depending  on  jet  diameter  and  spacing.  Have  you 
found  evidence  of  this  phenomenon  in  your  measurements? 

Author’s  Reply 

We  measured  average  quantities,  becaust  of  conventional  thermocouple  measurements.  However,  no  oscillation  could  be 
observed  with  hot  wire  measurements  in  cold  flow,  other  than  turbulent  fluctuations. 
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Investigation  of  the  Two-Phase  Flow  in  a  Research  Combustor 
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SUMMARY 

The  flow  resulting  from  an  airblast  atoini/er  with  prcfilmer 
and  coiotaling  swirl  was  investigated  in  a  cylindrical  combus¬ 
tion  chamber  Oas-  and  droplet  velocities  were  measured,  by  a 
Phase  Doppler  Anemometer  and  species  and  gas  temperature 
by  gas  sampling  probes  respectively  thermoelements  at 
utmosphcric  conditions  and  without  fuel  and  air  preheat  Be¬ 
cause  of  interference  with  the  liquid  phuse,  the  species 
measurements  were  restricted  to  a  minimum  distance  of  40 
mm  from  the  atomizer  lip  Ihe  temperature  measurements 
showed  the  dominating  influence  of  the  external  recirculation 
zone  rn  flame  stabilization  for  the  investigated  nozzle  con¬ 
figuration  with  a  small  expansion  angle  of  the  swirling  flow 
T  he  species  concentration  fields  exhibit  homogeneous  radial 
profiles  at  an  axial  distance  of  100  nun  behind  the  atomizer, 
although  droplets  are  observed  up  to  140  tnm  Integrating  the 
measured  liquid  volume  flux  density  profiles  it  was  found, 
that  the  fuel  flux  at  45  min  behind  the  atomizer  had  dimin¬ 
ished  to  14%  of  the  maximum  measured  value  Ihe  axial  pro¬ 
file  of  the  liquid  flux  weighted  Sauter  mean  diameter  is 
almost  linearly  increasing  from  22  to  51  pm  Systematic  ex¬ 
perimental  errors  and  losses  of  tile  system  sensitivity,  which 
enter  the  result.,  partly  with  opposite  signs,  have  an  influence 
on  the  measured  flux  densities  and  moments  ot  the  particle 
size  distribution  [lie  measurement  of  individual  flux  density 
profiles  was  reproducible  to  within  45  %.  A  comparison  be¬ 
tween  the  gasflow  in  ihe  nearficld  of  the  atomizer  under  re¬ 
acting  and  nonreacting  conditions  showed  a  partial 
suppression  of  the  expansion  of  the  velocity  profiles  by  the 
hot  comer  vortex.  Together  with  flic  combustion  induced  axia! 
acceleration  the  thus  effected  reduction  of  the  effective  swirl 
number  leads  to  the  breakdown  of  the  recirculation  at  29  mm. 

1.  INTRODUCTION 

'Hie  fuel  preparation  system  is  seen  as  a  key  element  of  com¬ 
bustors  for  advanced  aircraft  engines.  Since  the  advent  of  ex¬ 
haust  emissions  regulations,  airblast  atomizers  have 
demonstrated  superiority  over  other  types  of  atomizers  for  the 
simultaneous  atomization  and  mixing  of  fuel  and  air  1 1  j  They 
are  thus  the  element  of  the  combustor,  that  controls  primary 
zone  homogeneity,  which  is  in  turn  the  key  to  all  pollution  re¬ 
duction  methods  piesently  considered.  Hence,  the  spray  dy¬ 
namics  of  airblast  atomizers  have  received  a  great  deal  of 
attention,  especially  since  the  introduction  of  nonintrasive  in¬ 
strumentation  for  the  investigation  of  single  and  two  phase 
flows.  The  concurrent  development  and  increased  use  of  nu¬ 
merical  models  for  the  design  of  gas  turbine  combustors  has 
created  an  additional  demand  for  more  dimensional  data  of 
combustor  flows  for  the  validation  of  the  computer  codes  In¬ 
vestigations  have  been  made  of  the  gas  flow  from  atomizers 


|2|  and  the  influence  of  various  design  parameters  with  laser 
Ifoppler  Anemomeiry  |3|  A  wide  body  of  literature  exists  on 
the  relation  of  mean  dropsiz.es  to  the  main  physical  para¬ 
meters  of  atomization  |4],  mostly  using  the  Laser  light  diffrac¬ 
tion  particle  sizing  method 

Hie  Phase  1  Vippler  Anemometer  allows  to  extend  the  experi¬ 
mental  analy  sis  to  the  characterization  of  the  dispersed  phase 
flow  with  increasing  similarity  to  the  real  operating  condi¬ 
tions  Investigations  have  been  reported  for  the  cold  flow  with 
and  without  confinement  1 5  J,  with  low  and  high  particle  load¬ 
ing  [6|,  with  and  without  reaction  at  atmospheric  pressure  |7|, 
under  high  pressures  without  reaction  |8|,  and  with  combus¬ 
tion  at  medium  pressures  |9|  A  recent  cross  correlation,  exer¬ 
cised  with  a  practical  nozzle,  strengthened  the  confidence  in 
the  technique  with  respect  to  mean  diameters  and  velocities 
measured  in  cold  flows  |10|.  However,  the  measurement  of 
liquid  volume  fluxes  remains  uncertain  and  the  interpretation 
o!  results  in  the  harsher  environments  is  difficult. 

The  present  contribution  represents  a  step  in  a  succession  of 
experiments  with  a  research  atomizer-combustion  chamber 
configuration,  that  has  been  designed  for  ease  of  experimental 
investigation,  but  tries  to  retain  some  essential  features  of  pri¬ 
mary  zone  flows  relevant  to  the  two  phase  flow  Tuthermore, 
some  aspects  easing  the  validation  of  two  phase  flow  model 
predictions  1 1 !  |,  could  be  taken  into  account.  'Hie  aim  of  the 
experimental  effort  is  therefore  to  use  the  advantage  of  the 
geometrical  freedom  inherent  in  a  research  atomizer  to  pro¬ 
vide  data  especially  in  its  near  field  to  further  the  general  un¬ 
derstanding  of  such  two  phase  flows 

2.  EXPERIMENT 

Airblast  Atomizer-Combustion  Chamber  Configuration 

A  cross  section  of  the  airblast  atomizer  is  shown  below  in 
Tig  1  A  prefiltning  atomizer  with  corotating  radial  swirlcrs 

1  o,b  prochambore 

2  owirler 

3  inner  swirl  channel 

4  outer  swirl  channel 

5  Cone 

6  ALomizing-lip 

7  Fuel -line 

8  nozzle  back-wall 
(window  optional) 

7  nozzle  front  wall 

(window  optional)  Jr 

Tig  1 :  Airblast  atomiser  with  housing 
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was  chosen  I'ho  fuel  is  sprayed  from  the  ftwl  line  (7)  onto  the 
utomi/cr  cone  (5).  Neat  the  end  of  the  line  two  tangential  air 
entry  slots  and  a  conical  diffuser  provide  good  axial  symmetry 
of  the  fuel  film,  which  can  he  visually  observed  through  the 
window  in  the  back  wail  (8)  A  symmetry  assessment  of  the 
spray  has  been  made  with  the  Phase  Doppler  Anemometer  of 
the  unconfincd  nozzle  and  water  as  the  test  fluid.  A  pattern 
index  of  1 1  and  a  Min/Max  ratio  of  75%  was  found  On  the 
atomizer  cone,  the  fuel  is  driven  by  the  air  flow  in  the  inner 
swirl  channel  (3)  to  the  atomizing  lip  (6),  where  it  is  atom¬ 
ized  in  the  shear  layer  between  the  inner  and  outer  (4)  swirl 
channel  tlow,  respectively  The  two  swirler  flows  (2)  can  be 
observed  through  windows  m  the  nozzle  front  (9)  and  back 
wall  and  were  measured  with  the  In.ier  Dual  Focus  technique 
[  1 2 1  The  midsection  of  the  inner  swirl  channel  together  with 
a  vector  plot  of  the  measured  velocities  is  shown  in  f  ig  2  It 
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Fig.  2:  Measured  flow-field  of  the  iruiet  swirl  channel 


can  be  seen,  that  the  wakes  behind  the  blades  are  evened  out 
at  the  26  mm  radius  and  cylindrical  symmetry  exists  in  the 
nozzle.  The  mass  (lows  into  the  prechambers,  (la,  b)  on  Tig. 
1  are  separately  controlled  by  critical  nozzles  for  easy  ma¬ 
nipulation  of  the  outlet  velocity  profiles,  which  are  shown  in 
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vestigation,  the  air  muss  tlow  wrs  22  g/s  ar.d  the  AFR  25.6  , 
the  fuel  used  was  Jet  A 

flic  cylindrical  flame  tube  with  the  mam  dimensions  und  the 
construction  of  the  window  s  are  shown  in  Fig.  4 
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Fig  1  Measured  axial  and  tangential  velocity  at  /.  =  1  nun 

Fig.  3  The  aim.  though  not  fully  reached,  was  to  avoid  steep- 
giadients  of  the  profiles  of  the  axial  and  tangential  velocity  in 
the  vicinity  of  tile  atomizing  lip  Ihe  swirl  number,  as  com¬ 
puted  from  the  velocity  at  die  swirler  outlets  and  nondi- 
mensionali/ed  with  the  nozzle  diameter,  was  0.95,  giving 
approximately  the  same  amount  of  axial  and  tangential  veloc¬ 
ity  at  the  outlet,  as  can  be  seen  in  Fig.  3  For  the  present  in- 


Fig.  4:  Cross  section  of  the  combustion  chamber 

ihe  expansion  ratio  from  the  nozzle  to  the  llume  tube  diam¬ 
eter  is  1 . 6  5  For  better  optical  access,  the  nozzle  protrudes  a 
little  bit  into  the  combustor  Ignition  is  effected  with  a  hy¬ 
drogen  pilot  (lame  emerging  from  a  5  mm  hole  in  the  flame 
tube  at  z  =  25  mm.  ihe  hydrogen  in  turn  is  ignited  with  u 
spark  plug.  After  200  mm,  the  cross  sectional  area  of  the  tube 
is  reduced  by  one  third  to  prevent  back  flow  from  the  down¬ 
stream  end  of  the  combustor  Ihe  lower  part  of  tire  flame  tube 
was  sectored  into  three  equally  long  rings,  one  of  them  having 
three  cooled  windows  By  changing  the  position  of  the  win¬ 
dowed  sector,  most  of  the  combustor  volume  was  accessible 
for  the  PDA  5%  of  the  total  air  were  used  for  scavenging  the 
windows  A  topview  of  the  windowed  sector  is  shown  in  Fig 
5.  With  the  angular  position  of  the  windows  at  !  36°  and  1 20°, 
PDA  measurements  of  one  side  of  the  combustor  at  scattering 
angles  of  70°  and  30°  were  rendered  possible 
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Fig.  5:  Topview  of  the  windowed  flame  tube  sector 

Diagnostics 

Liquid  phase  flow  properties  and  the  gas  phase  velocities  in 
the  combustor  were  measured  by  a  two  component  Phase 
Doppler  .Anemometer  |13]  powered  by  a  5  W  Argon  Ion 
l  aser  Ihe  laser  light  was  transmitted  to  the  front  lens  of  the 
sending  optics  by  monomode  optical  fibers  The  dimensions 
of  the  measurement  volume  were  70  x  70  x  200  pm,  the  axial 
width  being  limited  by  the  projection  of  the  100  pm  receiving 
optics  slit  Ihe  nominal  maximum  particle  concentration  is 
then  calculated  at  750  particles  per  cubic  millimeter  The  re¬ 
fractive  index  of  kerosene  was  set  to  1 .46,  and  measurements 
of  the  liquid  phase  wen.'  performed  at  69°,  the  Brewsters 
angle  for  that  medium  The  photomultiplier  voltage  was  set  by 
controlling  the  modulation  depth  of  the  biggest  dc  signals 
with  a  digital  oscilloscope  to  avoid  cutoff  The  upper  limit  of 
the  size  range  was  176  pm,  resulting  from  a  lowered  maxi¬ 
mum  phase  angle  of  1 90°,  set  to  enable  a  software  rejection  of 
reflected  signals  1 14]  An  exploratory  measurement  of  the 
cold  spray  with  a  Malvern  particle  sizer  showed  a  99  %  diam¬ 
eter  of  98  pm  and  a  99,9  %  diameter  of  176  pm  using  the 
model  independent  algorithm,  with  a  beam  obscuration  of  36 
%,  giving  a  minimal  secondary  scattering  bias  towards  size 
reduction  of  big  particles 

A  separate  run  of  PDA  measurements  with  optimum  system 
sensitivity  was  performed  for  the  measurement  of  gas  veloc¬ 
ities.  For  the  first  profiles  up  to  30  mm  behind  the  atomizer, 
only  tne  first  size  bin  below  0.9  pm  was  used,  Thereafter,  a 
decision  had  to  be  made  between  a  statistically  valid  sample 
size  and  a  low  diameter  cutoff  by  inspecting  the  size-velocity 
correlation,  in  regions  of  high  streamwise  velocity  gradients, 
clear  size-velocity  correlations  occur  at  the  small  size  range 
below  10  pm  As  an  example,  the  size-velocity  correlation  of 
the  axial  velocity  at  Z  *  7  mm,  R  *  1 3  mm,  a  point  both  near 
the  nozzle,  and  near  the  comer  vortex  is  shown  in  t  ig  6  The 
line  iepresents  the  mean  velocity  of  the  size  bin  and  the  bars 
depict  its  rms  value.  Quite  large  differences  especially  for  the 
turbulent  velocity  are  discernible  even  below  4  pm  TTterefore 
the  conclusion  can  be  drawn,  that  for  the  exact  mapping  of 
e  g.  reverse  flow  boundanes  as  small  particles  as  possible 
should  be  used  For  the  cold  flow  velocity  measurements  gly¬ 
cerine  alcohol  tracer  particles  were  used  and  a  tompari:  m  of 
measurements  with  and  without  sizing  option 


Fig  6:  Size-velocity  correlation  of  the  axial  velocity  at 
7.-1  mm,  R  =  1 3  mm 

showed  equivalence  cf  the  pure  velocity  measurement  to  a 
combined  size  and  velocity  measurement  with  a  1.5  pm 
cutoff. 

Ihe  measurement  of  liquid  volume  flux  densities  was  in¬ 
fluenced  by  the  following  main  sources  of  error: 

-  A  relatively  small  number  of  big  drops  in  the  samples, 
nevertheless  carrying  a  nonnegligcable  amount  of  mass,  did 
not  suffice  to  create  a  stable  burst  length  distribution  for  the 
measurement  volume  correction  (IS)  to  work  correctly  Ihe 
cross  section  of  the  respective  size  bins  is  underestimated, 
and  consequently  the  volume  flux  overestimated. 

-  Larger  velocity  components  in  the  direction  orthogonal  to 
the  receiving  optics-  and  the  combustor  axis  cause  the  burst 
length  to  be  limited  by  the  receiving  optics  slit  width,  again 
causing  too  low  burst  lenghts  and  an  overestimation  of  the 
volume  flux 

-  A  high  number  density  of  drops  causes  more  than  one  par¬ 
ticle  to  be  present  in  the  measuring  volume  and  because  of  the 
stochastic  distribution  of  particles,  this  is  due  to  happen  even 
if  the  measured  concentration  is  one  order  of  magnitude 
below  the  nominal  maximum  concentration,  (16)  as  it  was  the 
case  in  the  present  investigation  This  contributes  to  a  reduc¬ 
tion  of  the  measured  flux 

-  Ihe  turbidity  induced  by  the  rpray  between  sending  and  re¬ 
ceiving  optics  can  reduce  tine  sensitivity  of  the  system  and 
lower  the  data  rate  In  an  investigation  of  a  highly  laden  spray 
( 17],  it  was  found,  that  the  cftect  is  much  bigger  if  the  spray 
is  between  the  measurement  volume  and  the  receiving  optics 
side,  and  the  PDA  was  set  up  accordingly 

-  For  a  confined  spray  with  temperature  gradients,  the  onticaJ 
losses  of  the  windows,  reduction  of  the  aperture  at  oil  axis 
positions  and  beam  steering  will  further  reduce  the  system 
sensitivity 

-  Multicomponent  fuels  and  temperature  gradients  within  the 
droplets  during  the  heat  up  phase  influence  the  suing  m  an 
unpredictable  manner 

The  foregoing  enumeration  of  problems  shows  systematic  er¬ 
rors  with  positive  and  negative  signs,  so  that  an  agreemeni  1«- 
tween  integrated  and  litercd  fluxes  is  not  necessarily  a 
measure  of  the  qua'ily  of  the  measurement  Nevertheless  such 
a  comparison  has  been  made  in  the  cold  and  the  comousting 
flow  at  Z  =  10  5  mr.i  In  the  cold  flow  the  mcieasc  of  the 
measured  flux  in  the  axial  direction  came  to  a  standstill  at 
that  distance,  believed  to  be  caused  by  the  end  of  atomuation 
and  rounding  of  drops  The  flame  luminescence  was  visible  at 
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!  '  mm  from  ‘.he  nozzle  for  ’he  combusting  case,  so  that  the 
spray  was  considered  to  be  not  much  altered  by  evaporation  at 
10.5  mm.  In  fig  7  the  comparison  of  flux  density-  and  Sauter 
diameter  profiles  is  shov.it  for  the  cold  free  flowing  und  the 
confined  combining  case 

„„  SMD  |pm|  fl  |cm“3/(5rr»“2  n)\ 

40  t  '  ;  0.8 

30  • 

20  j  .  -  ; _ , 

10  .  ” 

■  -  '  >  -  .  .  w  I 

0*  *  • '  •  ’  -  •  u 

6  8  10  12  14  18  18 

r  Imm] 

flux  (comb.)  *  flux  (cold) 

SMD  (comb.)  *  SMD  tco'd) 

lig  7  Liquid  flux  density  auJ  Suuter  diameter  profile  for  un- 
contincd,  cold  and  confined,  combusting  case,/.- 1(1. 5mm 

I  he  Sauter  diameter  of  the  coid  flow  is  markedly  smaller  as 
in  the  combusting  case,  which  can  be  attributed  to  the  reduced 
system  sensitivity  as  well  as  to  the  prevaporization  of  small 
particles.  To  get  a  rough  idea  of  die  relative  influence  of  both 
causes,  the  size  distributions  weie  reevaluated  at  the  point  of 
maximum  (lux  density  The  cold  size  distribution  will  have 
the  same  Sauter  diameter  as  Hr*  one  measured  during  com¬ 
bustion,  if  all  droplets  below  12  pm  are  neglected  Since  it  is 
not  expected  that  a  12  pm  drop  can  be  completely  vaporized 
without  preheat  at  a  10  mm  distance  :t  is  concluded,  that  the 
deterioration  of  optical  conditions  plays  a  maior  role  for  the 
diflercnccs  seen  in  the  Sauter  diameters 

The  integration  of  the  flux  density  profile!,-  gives  a  difference 
tii  the  lilered  flux  of  +40%  for  the  cold  and  -3%  lb»  the  com¬ 
busting  case,  l  or  the  latte,  a  reduction  from  90  to  70%  of  ac¬ 
cepted  measurements  was  noted,  ano  to  prevent  excessive 
loss  of  data,  the  signal  to  noise  ratio  validation  criterion  for 
the  particle  size  measurement  was  relaxed  that  is  the  as¬ 
sumed  reason  for  the  slightly  higher  maximum  llii.x  donsilv  in 
the  combusting  case  C  onsequently,  its  smaller  tiux  difference 
is  mostly  attributed  to  a  cancellation  of  errors  and  the  repro¬ 
ducibility  of  the  flux  density  profiles  is  not  better  than  45% 

i  t’in]>erauii'e  measurements  were  izitor-icd  with  an  uncoated 
NK’K-NI  thermoelement  The  maximum  measured  tempera¬ 
ture  was  belcv  1 500k'.  and  the  lean  equivalence  ratio  pre¬ 
vented  excessive  corrosion  hence  no  durability  problems 
were  encountered  during  the  measurement  The  rudiution 
correction  was  performed  with  measured  velocity  values 
whereever  possible  Meloxv  /  -  24.4  mm,  cooling  by  droplet 
impingement  was  considered  to  tie  too  strong,  so  that  the  tem¬ 
perature  measurement  was  limited  to  the  ana  downstream  of 
that  position 

Tne  sjwnes  measurements  of  CO.,  O,  NO,,  and  PI  1C 
were  confined  to  the  area  above  40.0  mm.  because  of  the 
clogging  of  die  sampling  probes  Jecausc  of  the  lean  equival¬ 
ence  ratio  and  the  cntitely  blue  flame  lumme:  cer.ee,  no  soot 
measurement  w;.s  made.  Pie  gas  analysis  instruments  oper¬ 
ated  on  the  dry  gases  for  the  evaluation  of  the  v  et  concentra¬ 
tions.  die  NO,  concentrations  were  neglected  The  ll/C  ratio 
used  for  the  evalumon  was  2  at  the  exhaust,  values  between 
I  89  and  2.08  were  computed  from  the  measurements. 


3.  Results 

Temperature  and  Concentration  Fields 


f  ig  8  Measured  temperatures  in  the  combustor 
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The  lempeiuluic  field  can  be  subdivided  mlo  three  /ones:  a 
coin  central,  core  up  to  20  mm.  a  hot  outer  /one  with  isocnn- 
louts  following  the  spray  dispersion,  and  an  area  with  smull 
temperature  gradients  ubovo  '20  mm  ilie  hot  combustion 
gavis  reach  the  wall  at  /  «-  80  mm,  the  comer  lecirculation 
ends  at  about »  1(H)  mm,  c.f  fig  8.  Because  of  the  heat  loss 
to  the  walls,  the  exit  temperatures  are  ubout  150  *K  lower 
than  the  adiabatic  tempcratuic  of  1 555  "K 

Sptuv  angle  umt  lhme  iumine.uwte 

In  a  prepurntory  step,  a  quart/  glass  dame  tul>e  of  the  same  di- 
tuneter  without  wall  cooling  repluced  die  aforementioned  sec¬ 
tored  tlumclube,  and  photographs  of  the  tliune  luminescence 
t.cre  made  to  extract  the  expulsion  of  the  outer  (lame  con¬ 
tour  It  is  marked  by  die  line  on  the  let!  side  of  I  ig  9  The  e\- 
jxinsion  angle  was  5-'°  mid  tlie  iuinincscencc  ended  at  /  =  !  10 
mm  !  he  light  of  an  Argon  Ion  luser  beam  shining  centrally 
through  the  tube  at  sucessivc  /  positions,  was  scattered  by  the 
droplets  and  the  extent  of  the  bright  lines  at  Ixrtli  sides  of  the 
center  gave  a  first  impression  of  the  spray  contour,  which  is 
marled  with  points  I  he  line  on  the  right  side  in  fig  9  gives 
its  mean  expansion  imgle  of  64"  Hence,  the  llame  neurly  sur¬ 
rounds  the  outer  spray  contour 
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l  ie  9  Contour  and  expansion  angle  of  the  spray 


Droplets  are  seen  to  hit  the  wall  at  /  -•  1  ID  mm  and  to  prevail 
up  to  140  mm  The  long  droplet  lifetime  could  be  partly 
caused  by  die  wide  si/e  distribution  of  the  spray  A  Kosm- 
Kammler  fit  of  die  aforementioned  laser  light  diffraction 
measurement  produced  a  q-ptuumeter  value  of  1.26.  while  2-4 
being  a  normal  value  for  airblast  atomizers  according  to  [4 j 
fuel  being  transported  from  the  fuel  line  out  of  the  nozzle 
without  hiding  the  atomizer  cone  could  be  one  reason  for  this 
high  q-value. 

Gas  analysis 

The  distribution  of  the  equivalence  ratio  is  given  in  fig  10.  It 
cornpleats  the  temperature  field  of  fig.  8  as  die  lowest  value 
lor  the  equi  valence  ratio  is  found  in  the  low  tenrqieraturc  core 
and  the  highest  values  in  the  comer  recirculation  It  is  there¬ 
fore  recognized  as  the  primary  flame  stabilization  mechanism, 
the  internal  recirculation  zone  being  a  byproduct  of  the  swirl¬ 
ing  spray  expansion  Homogeneous  radial  profiles  are  reached 
at  100  nun,  with  a  small  excursion  at  the  combustor  wall  due 
to  the  comer  recirculation,  As  the  highest  measured  equival¬ 
ence  ratio  was  0  815,  no  fat  spots  could  be  detected  througout 
the  measured  volume 
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fig.  10  .  hquivalence  ratio 
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I  he  measured  NO,  concentrations  me  displayed  on  Fig.  II 
Ai.  ii  is  lo  lie  e\|xxli\l  from  the  low  teinjieriitures,  the  NO, 
eoiKentrat.ons  are  also  quite  low.  The  exhaust  emission  in¬ 
dices  at  the  end  of  the  sccomlury  'lame  lube  at  KM)  mm  from 
the  no.v.lc  were  Id  NO,  -  1.2  g/Kg,  Id  CO  -  0.23  g/Kg, 
above  If  1  mm  no  IJIIC  could  be  measure''  (  here  is  a  step  in 
the  No,  concentrations  at  120  mm  Ikvm  that  height,  the 
level  remains  below  ,10  ppm,  with  the  cxeption  of  one  spot 
jib'  about  the  reattuchincnl  point  of  the  corner  vot*ex  at  /  ■■ 
%  and  r  -  50  mm  Above,  me  concentrations  increase  by  10 
ppm  with  a  tiansiiio-i  region  with  vertical  "lingers"  The 
maximum  concentration  fluctuations  registritcd  amounted  to 
ft  ppm,  which  cxpluins  the  bumpy  rudiul  profile  in  the  transi¬ 
tion  at  lit'  mm,  however  u  clear  explanation  for  the  increase 
could  not  he  found 


Gas  Flow 

Fig.  12  a  (aid  b  show  a  comparison  of  die  axial  velocities  lor 
the  cold  and  combusting  case 
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fig  12  Comparison  of  axial  gas  velocities, » old  velocities 
on  the  right,  with  combustion  on  the  lell  side 
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Hie  combustion  leads  to  constant  «xmI  velocity  maxima,  at 
the  same  radial  position  up  to  t  -  24.4  mm,  whereas  the  cold 
velocity  profiles  move  outward  right  from  the  start  Together 
with  the  reduction  of  the  effective  swirl  number  by  the  com¬ 
bustion  induced  axial  acceleration,  the  suppression  of  the  ex¬ 
pansion  of  the  swirling  flow  leads  to  the  breakdown  of  the 
recirculation  at  z  »  29  mm  The  interaction  of  the  comer  vort¬ 
ex  with  the  forward  flow  is  demonstrated  in  Fig.  13,  where 
the  profiles  of  the  radial  velocity  at  cold  and  hot  conditions 
urc  shown  together  with  the  temperature 


necessary  lot  atomization  Shite  the  measurement  of  the  iso¬ 
thermal  flow  was  pei  tunned  without  fuel,  the  comparison  of 
die  col!  and  combusting  gas  flow  combinos  the  effects  of  hcul 
release  und  dispersed  phase  feed  buck  Inspection  of  Hg.  H 
sugges’s,  that  the  density  change  only  becomes  important  out¬ 
side  of  r  =  10  mm,  and  the  reduction  of  the  fluctuating  veloc¬ 
ity  at  r  =  4  mm  is  attnhuted  to  the  presence  of  the  spray, 
which  had  a  number  concentration  of  1 7  /nun'  with  high  rela¬ 
tive  velocities  for  all  [article  sizes,  c  f  Fig  19a  ,  so  that  n  re¬ 
duction  of  the  turbulent  energy  in  the  lurge  scale  fluctuations 
can  be  expected. 
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At  the  maximum  of  the  fluctuating  velocity  at  r  =  4  mm,  near 
the  zero  crossing  of  the  mean  velocity  a  bimodal  velocity  dis¬ 
tribution  exists,  which  is  shown  in  Fig.  IS. 
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Fig  13:  Radiul  velocity  and  temperature  at  /  =  24.4  tnm 
cold  flow  on  the  right,  with  combustion  on  the  letl 


Fig.  1 5  Distribution  of  the  axial  velocity  at  z  ■=  10  5, 
r  =  4  mm,  isothermal  flow 


Fhe  combusting  flow  moves  taster  outside  than  the  isothermal 
flow  for  radii  ubove  10  mm,  und  that  is  the  boudarv  between 
the  cold  core  and  the  hot  comer  flow  Inside  that  boundary, 
the  combusting  profile  has  a  negative  loop,  which  is  not  exist- 
ant  in  the  isothermal  flow  The  profiles  of  the  tangential  vel¬ 
ocity  remain  virtually  unchanged  by  combustion  up  to  30  mm, 
the  acceleration  is  first  seen  at  40  mm. 

The  profiles  of  the  fluctuating  velocities  follow  the  mean  vel¬ 
ocity  gradients  up  to  15  mm  distance  from  the  nozzle.  As  an 
example,  the  mean  and  fluctuating  axial  velocity  at  10  5 
are  shown  together  in  Fig  14 
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Fig  14:  Mean  and  fluctuating  axial  velocities  at  /=!(). 5min, 
cold  flow  on  the  right,  with  combustion  on  the  left 


As  a  whizzle  can  be  heard  from  the  nozzle  during  the  iso¬ 
thermal  operation,  the  bimodal  distribution  is  interpreted  as  a 
manifestation  of  a  processing  vortex  core,  a  phenomenon 
often  observed  in  swirling  flows  and  described  e  g  tn  |18|. 
The  extend  of  the  bimodality  is  not  so  strong  for  the  -ombus- 
tion,  cf  the  height  of  the  two  maxima  on  Fig.  15,  hence  it  ap¬ 
pears,  that  the  ptecessing  vortex  core  is  damped  by  the 
combustion  in  this  configuration. 


Above  z  =  15  mm,  the  dip  in  the  profiles  of  the  fluctuating 
velocity  disappears  For  z  =  29  mm,  the  profiles  for  the  axial 
and  radial  mean  and  fluctuating  velocities  are  shown  in  Fig 
16.  Due  to  the  increased  radial  velocity  gradient,  the 


30 

25 

20 

16 

10 

5 


u’,v’  [m/s] 


U(V  [m/sl 


- 

>»,•*** a*  y  \ 

r  "L  \  \l  r-  • 


100 

80 

60 

40 

20 


O' . -20 

-40-30-20-10  0  10  20  30  40 

r  [mm] 


At  this  position,  the  small  velocity  difference  from  inner  to 
outer  swirl  channel  seen  in  l  ig,  3  has  disappeared,  und  conse¬ 
quently,  a  region  of  lower  turbulence  exists  in  the  middle  of 
the  forward  flow  The  other  components  of  the  fluctuating  vel¬ 
ocity  exhibit  the  same  structure  Tins  is  believed  to  lie  benefi¬ 
cial  for  atomization,  since  the  liquid  is  less  likely  to  escape 
the  high  velocity  region,  that  provides  the  shear  force 
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Fig  lo  Axial  and  radial  mean  and  fluctuating  velocities  at 
i.  -  29  mm,  cold  flow  or.  the  right,  combusting  flow 
on  the  left 
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fluctuating  velocity  is  higher  than  the  axial  m  tne  combusting 
cast*.  At  the  outer  boundary  of  the  measured  radial  profile, 
which  was  limited  by  the  diame  ter  of  the  cylimtiical  window, 
cf.  Fig  5.,  a  mucked  difference  is  apparent:  the  cold  fluctu¬ 
ation  intensity  is  very  high,  surpassing  the  mean  velocity,  and 
leading  to  an  anisotropy  of  .he  normal  .itruiseu,  litis  means, 
that  the  outer  boundary  of  the  swirling  jet  is  unstable  a  id 
changes  from  suction  to  ejection  of  turbulent  fluid  A  time  re¬ 
cord  of  the  axial  and  radial  velocity  at  that  position  is  shown 
in  Fig.  IV.  a  periodic,  h’vstlike  structure  is  seen  in 
't'U'velooi  tu  t«/<] 
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lig  17  Time  record  of  the  axial  and  radial  velocity  at  /  =  29 
nun,  r  -  2 1  mm,  isothermal  flow 
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Fig.  18:  Axial  development  of  hot  liquid  volume  flux  ar.d 
flux  weighted  ,  integrated  Sauter  mean  diameter, 
with  a  straight  line  showing  the  trend 
SMD  c.  Sauter  mean  diameter  of  isothermal  free  flow 

discussion  on  t  ig.  7.  The  Sauter  diameter  profile  is  not  mono¬ 
tonic,  however  the  straight  line  throng  the  measured  pints 
shows  an  increase  with  axial  distance.  This  is  a  tendency,  that 
hus  been  observed  ir,  other  investigations  too,  cf  |20|,  and  re¬ 
sults  from  the  fast  disuppearenoe  of  small  drops,  which  is  not 
compensated  by  the  size  reduction  of  the  big  drops.  As  tne 
spray  is  much  thinner  in  the  downstream  regions,  errors  due 
to  turbidity  no  lunger  exist,  and  the  measured  diameter  is 
probably  nearer  to  the  crue  value.  Hence  it  is  conjectured,  dial 
the  true  gradient  ot  the  SMD  profile  is  more  like  a  line  be¬ 
tween  the  16  pm  cold  measurement  and  the  31  um  at  the  end. 


both  components,  with  burst  periods  between  I  and  2  ms, 
corresponding  roughly  to  the  period  of  rotation  computed  with 
the  local  perimeter  and  tangential  velocity.  The  relaxation 
time  of  a  1 9  pm  drop,  the  Sauter  diameter  measured  by  laser- 
light  diffraction,  would  be  1.1  ms,  so  it  can  be  assumed,  that 
the  particles  react  to  the  bursts.  It  has  been  shown,  that  this 
anisotropy  can  have  an  eff'eci  on  the  turbulent  dispersion  1 19|, 
and  since  the  liquid  flux  density  is  high  at  that  pint,  it  can 
alter  the  chan  er  of  the  two  phase  flow 

In  contrast  to  the  isothermal  behaviour,  the  normal  stresses  in 
the  axial  and  radial  direction  are  of  the  same  size  at  the 
boundary  of  the  swirling  jet  in  the  combusting  case  An  ex¬ 
planation  of  the  difference  is  suggestet  with  reference  to  l  ig 
12  b  In  die  lsoti.eima!  case,  there  is  a  rather  wide  region  of 
near  zero  axial  velocity,  so  that  the  swirling  flow  has  the  char¬ 
acter  of  a  tree  swirling  jet  before  it  readies  the  combustor 
wall,  whereas  in  the  combusting  case,  (he  zero  crossing  of  the 
axial  velocity  hus  a  high  gradient,  resulting  from  the  expan¬ 
sion  ot  the  hot  comer  vortex,  which  stabilizes  the  swirling 
How 

Further  downstream,  the  nonnal  stresses  remain  smaller  for 
the  combusting  case 

Disponed  Phase  flow 

the  axial  development  of  the  measured  and  integrated  hot 
mass  (low-  is  depicted  in  l  ig  18  together  with  the  mass 
weighted  Sauter  mean  diameter  integrated  over  the  measuring 
plane  At  z  =  10  5  mm,  the  Sauter  diumeter  of  the  isothermal 
tree  nozzle  llow  is  additional  given  The  difference  between 
the  isothermal  and  combusting  value  is  largely  attributed  to 
the  reduced  sensitivity  of  the  size  measurement,  cf.  the 


The  liquid  volume  flux  carve  has  a  near  hyperbolic  character, 
which  is  consistent  with  the  trend  of  the  Sauter  diameter  pnv 
file,  the  increase  of  which  gives  an  indication  of  a  reduced 
evapration  rute,  characterized  by  the  arface  mean  diameter, 
in  relation  to  the  relative  droplet  mass,  characterized  by  the 
volumetric  mean  diameter  Ihe  measured  flux  value  at  z  =  7 
mm  is  shown  for  completeness,  high  droplet  density  and  un- 
roundness  of  the  big  highly  accelerated  droplets  exclude  a 
correct  resuli  at  that  pint.  At  z  r-  45  mm,  the  measured  flux 
is  reduced  to  14  %  of  its  pak  value.  It  is  also  the  pint, 
where  most  of  the  droplets  have  reached  the  gas  velocity, 
l  ig  1 9  a,  and  the  reduction  of  the  evapration  rate  from  29  to 
40  mm  is  probably  mostly  due  to  the  reduced  relative  velocity 
of  the  droplets.  At  the  higher  measuring  planes  above  80 
mm  .Fig,  19  b,  the  droplets  are  faster  than  the  gas  flow,  and 
single  droplet  burning  with  blue  streaks  can  be  observed.  Fig. 
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Fig  19  a  Mean  and  turbulent  axial  velocities  of  10,  25  and 
50pm  droplets  with  the  gas  flow,  width  of  the  size 
bins  equals  10  %  of  the  diameter 
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Ftg  19  b:  As  Fig.  19  a,  z  ~  97 .5  nun 


19  c  will  be  referred  *,o  later  In  Fig  20  a  surface  plot  shows 
the  measured  flux  density  Held  The  range  of  the  sector  ex¬ 
tends  between  7  mm  <  r  <  .17  nun  and  10  nun  <  /.  <  45  trim, 
the  view  u  with  a  30"  angle  to  the  z  axis  in  the  axial-radial 
plane  onto  the  nozzle  Due  to  the  radial  dispersion  of  the 
droplets,  the  peak  llux  density  reduces  much  quicker  than  the 
tlux  itself  At  z  =  24  4  nun  it  is  reduced  by  one  order  of 
magnitude.  Up  to  a  distance  of  29  nun,  the  radial  shift  of  too 
maxima  is  slow  lr.  Fig.  19  c,  where  the  radial  and  axial 
d«rj>let  velocities  arc  shown  together  with  tire  gas  velocity  at  z 
=  I S  mm,  the  spray  is  seen  to  accelerate  axially,  but  keeping 
track  of  the  radial  gas  velocity  by  virtue  of  the  centrifugal 
force  and  thus  slowly  crossing  the  streamlines  of  the  gns  flow 
in  the  outward  direction  Downstream  of  the  29  mm  profile, 
the  centrifugal  force  becomes  dominant,  and  Fig  20  shows  the 
remaining  part  of  the  droplet  stream  to  move  out  faster. 
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Since  the  evaporation  is  coupled  most  directly  to  the  sur¬ 
rounding  temperature,  a  succession  of  flux  density  profiles  to¬ 
gether  with  the  respective  temperature  profiles  are  shown  in 
Fig.  21.  As  the  spray  moves  radially  outward,  it  dives 
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Fig.  19  c:  Axial  and  radial  droplet  velocities  and  gas  velocity 
at  z  -  15  1  mm,  saint  size  classes  as  in  F  ig  1 9  b 


T(z*29)  —  FKz-2») 


Fig  20  Surface  plot  of  the  liquid  flux  density  field 
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Fig  2 1 :  Temperature  and  flux  density  profiles  at  z  =  24,4  and 
29  mm  ,  and  z  =  40,0  and  45  mm,  note  the  scale 
change  for  the  flux  density 

into  the  high  temperature  zone,  finally  at  z  =  45  mm,  the 
mean  temperature  uround  the  spray  is  nearly  homogeneous.  It 
is  therefore  to  expect,  that  evaporation  starts  at  the  outer  part 
of  the  spray.  Fig.  22  therforc  gives  a  comparison  of  an  iso¬ 
thermal  and  hot  flux  density  profile  at  29  mm  I  he  isothermal 
values  are  taken  from  |5|,  in  contrast  to  Fig.  7  the  liquid  was 
water  with  an  SMI)  of  30  pm,  but  the  same  mass  ilux  as  in 
the  present  investigation  lor  convenience  the  profile  was 
normalized  with  the  present  liquid  flow  rate  The  expansion 
ratio  was  1:9  instead  of  1:6.5,  but  it  was  shown,  that  for  u 
distance  of  29  mm,  the  dispersion  characteristics  are  quite 
the  same  for  the  free  and  confined  flow ,  so  they  are  used  here 
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I-ifft  22  Cold  and  combusting  flux  density  and  .Sauter 
diameter  at  z  =  29  mm 


too  With  the  exception  of  the  inner  boudary  of  the  evaporat¬ 
ing  flux  density  profile  shilled  slightly  inward,  following  the 
modified  gas  velocity,  cf  Fig  12  b,  (lie  fuel  placement  hasn't 
changed,  but  evuporation  on  (he  high  temperature  side  has 
diminished  the  flux  density  I’he  form  of  the  outer  wing  is 
similar  to  that  of  the  axial  profile.  Fig  18,  perhaps  reflecting 
in  the  same  way  the  changing  Sauter  diameter,  increasing  in 
the  radial  direction  by  the  centrifugal  forces  and  evaporation 
With  these  features  in  mind.  Fig.  7  can  be  reexamined.  The 
comparison  of  the  isothermal  and  combusting  flux  density 
profile  shows  the  same  trends  as  in  Fig.  22,  and  nnce  the 
|ieak  of  the  flux  density  profile  is  probably  in  a  low  tempera¬ 
ture  region  where  not  much  evaporation  has  happenend,  the 
coincidence  of  the  two  peak  values  suggests  the  difference  at 
the  outer  wing  to  be  due  to  evuporation.  Hie  different  char¬ 
acter  of  the  SMI)  profiles,  with  the  hot  SMI)  increasing  at  the 
region,  where  differences  of  the  flux  density  profiles  exist, 
whereas  the  cold  SMD  profile  deesn  t,  would  also  he  ascribed 
to  evaporation  It  then  would  follow,  that  at  the  outer  part  of 
the  spray  u  region  with  substantial  prcvuporization  exists  lie- 
fore  the  appet  ence  of  the  flame  luminescence. 


Apart  from  the  increase  of  the  Sauter  diameter  by  evapor¬ 
ation,  the  width  of  the  size  distribution  is  also  reduced.  As  an 
example,  the  10%,  50%  and  90%  undersize  diameters  are 
shown  at  z.  =  29  mm  It  can  be  clei  rly  seen,  that  both  the 


D90% 

D50% 

D10% 

Flux 


F  ig.  23:  Profile  of  representative  diameter;,  and  flux  density 
at  z  =  29  mm 


I)l()%  and  the  1)90%  profile  move  toward  the  1)50%  pronle. 
The  effect  is  not  visible  before  the  onset  of  the  flame  lu¬ 
minescence  at  1 5  mm,  but  becomes  more  pronounced  in  the 
downstream  direction 


ilio  last  results  to  lie  shown  for  the  liquid  phase  arc  a  com¬ 
parison  between  the  flux  density  profiles  and  those  cf  the  un- 
bumt  1  lydroewbons  in  F  ig  24  a  and  b  On  the  first  picture, 
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Fig  24:  Unburned  I  lydrocarbons  and  liquid  flux  density 


the  two  quantities  are  similar,  with  the  exeption  of  u  sizeable 
quantity  of  UHC  in  the  inner  core  of  the  flow  Between  z  -  4 1 
and  z.  =  81  mm  the  proportionality  of  the  respective  proliles 
also  stays  the  same,  so  that  the  depletion  of  gaseous  fuel  and 
the  supply  by  evaporation  progress  at  approximately  Die  same 
rate  From  z  =  81  mm  onwards,  the  profiles  separate,  because 
the  centrifugal  force  drives  the  droplets  outward,  and  'he 
IJFIC  profile  decreases  faster,  with  no  more  gaseous  fuel 
added  on  the  inside,  and  it  being  rapidelv  consumed  on  the 
outside  Ihc  crossing  of  the  gasstreumlines  by  the  centrifugal 
•notion  of  he  liquid  fuel  seen  in  Fig.  24  b  works  towards  a 
more  homogeneous  gaseous  fuel  distribution,  since  the  evapo¬ 
rative  flux  is  deposited  away  from  the  maximum  of  the  gas¬ 
eous  fuel  profile. 


4.  DISCUSSION 

The  geometry  of  the  present  nozzle  and  combustion  chamber 
and  equivalence  ratio  were  chosen  for  good  optical  access  to 
the  spray,  respectively  in  the  interest  of  a  thin  splay  without 
optical  interference  fiom  soot,  litis  resulted  in  a  specific 
flowfteld  with  a  swirl  flow,  that  expands  with  a  small  angle 
and  a  spray,  that  remains  in  the  high  velocity  regime  and  is 
accelerated  for  an  extended  period,  before  the  droplets  fly 
outward,  and  in  the  isothermal  case,  to  the  wall  Although  a 
combustor  primary  zone  flowfield  has  been  described  |21j, 
that  is  similar  to  the  present  investigation,  the  dominating 
role  of  the  comer  recirculation  for  the  flame  stabilization  is 
not  as  common  in  aeroengine  combustors  as  the  flame 
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stabilization  by  an  internal  recirculation  zone  I  Icnce  tlie  role 
of  that  diflorcncc  will  be  specilkly  disc  us  sett  However,  prior 
to  that,  some  conclusions  concerning  the  measurement  tech¬ 
nique  will  be  drawn 

The  profiles  of  the  gas  velocity  and  tlux  density  at  /.  a  10  5 
mm  show  a  reduction  of  the  gas  turbulence  even  for  atmos¬ 
pheric  conditions  and  n  very  light  particle  loading  The  reduc¬ 
tion  of  the  turbulence  intensity  in  comparison  to  the 
noncoinbusting  case  is  conserved,  so  that  an  influence  on  the 
mixing  is  probable  It  follows,  that  there  is  probably  no  such 
thing  as  a  thin  spray  an  J  for  small  liquid  to  air  ratios  ant* 
good  utomi/ation  a  precise  mathematical  description  of  die 
llow  has  to  take  mtc  account  the  feedback  of  Hie  dispersed 
pliasc  onto  the  gas  turbulence 

The  foregoing  und  the  observed  modification  of  the  tlux  den¬ 
sity  profile  for  the  combusting  case  at  that  position  show  ,  that 
important  developments  in  the  liquid  phase  flow  have  started 
before  they  are  accessible  to  the  Phase  Doppler  Anemometer, 
either  because  of  high  particle  density  or  unroundness  of 
drops.  Therefore  measuring  techniques,  that  allow  for  smaller 
measuring  vnlumina  [22 1,  or  coupled  use  of  flow  visualization 
and  Phase  Doppler  Anemomctry  will  be  necessary  in  die  very 
important  range  in  the  immediate  vicinity  of  the  nozzle 

On  the  other  hand,  the  development  of  the  evaporation  with 
the  bulk  of  the  fluid  evaporated  at  4.6mm  even  without  pre¬ 
heat,  suggests  that  for  die  practical  case  with  air  preheat  and 
high  pressures,  the  region  Ireland  50  mm  is  probably  not  im¬ 
portant  for  the  two  pliase  flow,  exept  for  the  ballistics  of  the 
big  droplets. 

The  size  measurements  show  an  influence  of  the  overall  sys¬ 
tem  sensitivity  on  the  measured  mean  diameters,  as  well  as 
some  influence  on  the  measured  flux  Pius  it  has  to  be  kept  in 
mind,  that  Phase  Doppler  Anemometry  is  a  relative  measur¬ 
ing  technique  only  with  respect  to  the  single  particle  measure¬ 
ment,  and  worsening  optical  conditions,  caused  by  high 
particle  densities  or  dirt,  windows  can  overshadow  other 
trends  Especially,  for  a  constant  liquid  flowrate  spray  which 
is  successively  finer  atomized,  there  will  be  a  minimum  in  the 
measured  diameters,  at  the  point,  where  the  turbidity  pro¬ 
duced  by  the  increased  number  of  particles  outweights  the 
lowered  mean  diameter 

Concerning  the  classification  of  spray  flames,  |23|  have  given 
a  parameter,  which  coracttri/cs  the  extent,  to  which  a  spray 
flame  is  either  on  the  diffusion  flame  or  the  single  droplet 
burning  side  It  is  the  ratio  of  an  evaporation  length  V  to  an 
entrainment  length  K.  The  evaporation  length  is  given  by  a 
reference  velocity,  e  g  in  the  present  case  the  mass  weighted 
mean  droplet  velocity  at  the  z  =  10.5  mm  plane,  times  a  evap- 
ora.ion  time,  which  scales  with  the  square  of  the  surface  mean 
diameter  and  an  evaporation  rate  constant. 

k*uwd»,/k. 

The  entrainment  length  is  defined  lor  an  axisymmetric  nozzle 
(low  as  the  length  in  the  direction  of  the  path  of  the  center  of 
gravity  ef  the  droplets  in  the  axial  radial  plane,  which  is 
needed  to  entrain  enough  air  to  reach  a  stoichiometric  mix¬ 
ture.  It  i:  again  the  product  of  the  reference  velocity  and  an 
entrainment  tune  scale  Here  the  time  scale  is  defined  as  the 
ratio  of  the  standard  deviation  of  the  droplets  in  the  plane  per¬ 
pendicular  to  the  movement  of  the  center  of  gravity  needed  to 


ftilfill  the  stoichiometric  requirement  and  a  dispersion 
velocity 

r-u^/u*. 

Hie  parameter  is  then 

A  high  very  high  value  of  P  would  signify  single  droplet  burn¬ 
ing  and  a  very  low  value  a  diffusion  flume.  Neither  of  the  two 
extremes  is  fully  desirable,  since  both  are  coupled  to  h>gh 
burning  temperatures  r.sd  accompanying  thermal  NO,  forma¬ 
tion.  for  a  high  degree  of  prevaporization  and  good  mixing 
prior  to  reaction,  the  parameter  would  have  a  medium  value 

The  present  configuration  with  a  mostly  jxiul  drople*  move¬ 
ment,  and  a  swirling  gas  flow  with  a  small  expansion  results 
in  espcc.ally  high  droplet  reference  velocities,  where  u  longer 
evaporation  and  thus  combustor  length  is  tolerated  for  the 
benefit  of  better  mixing  by  keeping  the  droplets  in  a  highly 
turbulent  zone  while  they  evaporate  This  can  lead  to  a  leaner 
local  equivalence  ratio  because  the  fuel  vapour  is  given  a 
chance  to  distribute  by  turbulent  diffusion  before  more  vap- 
pour  is  added  by  evaporation  However  for  the  practical  case 
of  combustion  with  high  inlet  temperatures  and  pressures,  the 
parameter  changes  towards  the  diffusion  burning  side.  Hie  in¬ 
creased  pressure  head  decreases  die  droplet  diameters,  and 
the  vaporization  rate  increases  by  the  elevated  inlet  tempera¬ 
tures.  Furthermore,  the  dispersion  length  I.rf  is  a  function  of 
tiie  nozzle  A1 R.  and  the  AI  R  of  the  present  investigation  was 
especially  low  ,  since  all  the  air  was  put  through  tile  nozzle. 
Thus  the  parameter  will  be  much  lower  and  hence  the  evapor¬ 
ation  length  smaller.  The  turbulence  created  by  ihe  slowly  ex¬ 
panding  swirling  shear  layer  w  ould  tie  not  effective,  if  most  of 
it  is  comes  to  bear  after  the  reaction  Hence,  the  effectiveness 
of  the  geometry  can  only  be  shown  in  a  realistic  environment 
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Discussion 


Question  I.  DrG.  Andrews 

You  have  produced  good  spray  measurement  results  in  a  lean  burning  fuel  injector  in  the  near  burner  region.  Unfortunately,  with 
no  air  preheat,  you  were  unable  to  study  combustion  in  this  region.  Do  you  have  any  plans  to  add  air  preheat  to  this  system?  Also, 
the  very  large  flow  expansion  downstream  of  the  swirl  atomiser  produced  unrealistically  low  velocities  and  high  residence  times. 
How  did  this  influence  your  results  and  could  it  have  contributed  to  the  flame  fluctuations. 

Author's  Reply 

In  our  laboratory,  experiments  arc  performed  on  RQL  combustors  with  preheat  and  with  nozzles  similar  to  the  one  presented.  In 
those  tests,  the  flame  also  does  not  sit  on  the  hunter  mouth,  but  has  its  root  at  some  distance  from  the  nozzle,  so  I  am  not  sure  that 
the  situation  shown  is  m  >t  lepresentative  of  preheated  combustion  (t  would  be  most  interesting  to  see  the  influence  of  preheat  on 
the  behaviour  hut  it  is  not  planntd  in  the  nea;  future,  unfortunately. 

As  to  the  second  question,  the  nozzle-combustor  expansion  ratio  was  adopted  to  stay  with  the  ratios  chosen  for  an  earlier 
investigation  of  the  cold  flow  field  (see  Ref.  5).  The  resulting  large  combustor  volume  helps  to  investigate  a  lean  flame  with,  optical 
instrumentation  without  the  additional  expense  of  preheat,  hut  the  residence  times  are  in  fact  not  typical  of  an  aeroengine 
combustor,  and  the  emissions  measurements  might  well  be  influenced  by  that.  I  have  no  data  to  make  an  informed  guess  on  the 
possible  influence  of  a  greater  than  usual  combustor  volume  on  the  intermittent  nature  of  the  flame. 
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Abstract 


Locally  and  time-resolved  measurements  of  the  ve¬ 
locity,  temperature  and  species  concentration  in  a 
three  dimensional  jet-stabilized  combustor  are  pre¬ 
sented.  The  combustor  was  developed  at  the  In¬ 
stitute  for  Thermal  Turbomachinery,  University  of 
Karlsruhe,  for  extended  benchmark  experiments. 
For  the  present  investigation,  the  combustor  was 
fired  by  propane.  The  profiles  of  the  velocity,  tem¬ 
perature  and  species  distribution  were  determined 
at  7  planes  along  the  combustor  axis.  For  a  better 
understanding,  also  a  comparison  between  the  cold 
flow  and  the  reacting  hot  gas  conditions  is  given. 

The  time-resolved  velocity  and  temperature  mea¬ 
surements  were  performed  by  a  two  component 
LDA-system  as  well  as  specially  designed  and  op¬ 
timized  thermocouple  probes.  The  time-dependent 
analysis  demonstrates  that  the  velocity  and  turbu¬ 
lence  and/or  the  temperature  fluctuations  are  dra¬ 
matically  increased  under  hot  combusting  condi¬ 
tions. 

Finally,  the  locally  determined  species  distributions 
are  compared  with  the  global  concentrations  at  the 
exit  of  the  combustor  providing  an  excellent  data 
base  for  numerical  tests. 


1  Introduction 


The  development  of  modern  aircraft  gasturbines  is 
guided  by  the  demand  of  high  efficiency  together 
with  low  emissions.  In  this  context,  one  of  the  major 
topics  is  the  optimization  of  the  combustion  cham¬ 
ber,  because  of  its  kcyrole  for  both  development 
goals.  However,  the  high  complexity  of  real  com¬ 


bustors  makes  experimental  as  well  as  numerical  in¬ 
vestigations  extremely  difficult.  As  a  consequence, 
predominantly  simplified  geometries  have  been  used 
for  scientific  combustor  studies.  These  model  com¬ 
bustors  can  be  subdivided  into  different  groups  ac¬ 
cording  to  the  flame  stabilization  method. 

Numerous  studies  are  concerned  with  the  analysis  of 
bluff  body  stabilized  flames  (e.  g.  Sislian  et  al.  [13], 
Roquemore  et  al.  [12]}  and  swirl  stabilized  flames 
(e.  g.  Kutz  [9],  Edwards  and  Rudoff  [3],  Jones  and 
Wilherni  [7]).  Extensive  research  has  also  been  done 
on  flames  combining  different  methods  of  flame  sta¬ 
bilization.  Ferrao  and  Heitor  [4]  examined  a  flame 
stabilized  by  a  bluff  body  surrounded  by  a  swirler. 
Richards  and  Samuelsen  [11]  investigated  a  combus¬ 
tor  where  radial  injecting  air  jets  interact  with  the 
recirculation  region  induced  by  a  swirler  at  the  com 
buslor  inlet.  Despite  the  interaction  of  the  jets  with 
the  recirculation  zone,  the  flow-  in  this  combustor 
remains  mainly  2- dimensional,  like  in  all  other  st  ud 
ies,  where  the  recirculation  was  induced  by  swirlers 
or  bluff  bodies. 

However,  no  investigations  of  combustors  with  a 
strongly  three-dimensional  flow  field  have  been  pub¬ 
lished  yet,  even  though  there  is  general  need  for  ouch 
studies,  serving  as  bench  marks  for  the  evaluation 
and  testing  of  modern  computer  codes  for  three- 
dimensional  reacting  flows.  The  intention  of  this  pa¬ 
per  is,  to  provide  detailed  data  of  a  propane  fired,  re¬ 
acting  combustor  with  a  strongly  three-dimensional 
and  also  fluctuating  velocity  and  temperature  distri¬ 
bution. 

The  extended  data  base  provides  an  advanced  un¬ 
derstanding  of  this  type  of  flame  %  d  can  be  used 
as  benchmark  for  the  verification  of  the  re.  ults  of 
numerical  calculations  as  presented  in  our  parallel 
studies  (Kurreck  at  ai.  [8]). 
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2  Experimental  Configuration 

The  jet-stabilized  combustor  is  designed  in  a  way, 
t licit  various  geometrical  configurstions  can  be  in¬ 
vestigated  using  the  same  test  facility.  In  addition, 
easy  access  for  probe  as  well  as  optical  measurement 
techniques  is  provided  at.  each  location  inside  the 
combustor  . 


Fig.  1:  Geometry  of  the  combustor 

The  combustion  chamber  has  a  modular  concept 
providing  ready  exchange  of  several  components. 
Thus,  the  fuel-specie  and  fuel-injection  systems  can 
easily  be  changed  by  mounting  different  bottom 
plarm  sections  with  integrated  atomizers.  Also  vari¬ 
ous  air  injecting  tubes  with  different  diameters  can 
be  mounted.  The  main  features  of  the  combustor 
are  shown  in  Fig  1 . 

The  flame  tube  radius  rpr  is  40  mm.  The  four  jets 
are  located  60  rnm  downstream  from  the  bottom. 
The  jet  diameter  is  i{jel  —  8  mm.  The  entire  air 
mass  flow  is  provided  by  these  jets.  The  combus¬ 
tor  entrance  at  the  bottom  plane  is  connected  to  the 
fuel  supply  For  the  present  measurements  propai 
(Cj/fg)  w an  used  us  fuel.  2’it  it  is  also  possible  to 
use  liquid  fuels  like  JIM  or  DF-2.  The  wall  of  the 
combustor  is  coded  by  water,  fed  through  six  ax¬ 
ial  0.5  rri  long  channels  (Fig.  1),  enabling  long  tirr,'; 
runs,  which  is  a  basic  demand  foi  the  time  consum¬ 
ing  measmements. 


each  of  them  covered  by  eleven  metallic  bricks,  in¬ 
stead  of  these  bricks  also  glass  windows  or  probe 
supports  can  be  mounted.  The  ring  with  the  four 
jets  ran  be  rotated  about  65®.  The  angle  of  sym¬ 
metry  of  the  combustor  is  45®.  Hence  it  is  possible 
to  observe  the  relevant  angle  of  45®  without  moving 
the  combustor. 


3  Measurement  Techniques 

The  inlet  conditions  and  the  wall-temperatures  and 
-pressures  as  well  ss  the  overall  emissions  are  moni¬ 
tored  by  standard  equipment  employing  an  JEC-Bus 
system  for  the  data  transfer.  This  guara.itee3  con¬ 
stant  conditions  without  a  drift  during  the  time  con¬ 
suming  held  measurements. 


3.1  LDA  -  Setup 


Fig.  2:  LDA  setup  at  the  jet-stabilized  combustor 

The  mean  velocities  and  their  fluctuations  are  mea¬ 
sured  by  a  Dantec  two  channel  dual  beam  LDA. 
The  LDA  seiup  is  shown  in  Fig.  2.  The  Ar-Ior. 
laser  (Coherent  Inova  90)  is  connected  via  a  fiberop- 
tical  link  to  the  optical  modules.  The  system  is  used 
in  forward  scattering  mode  for  maximum  scattering 
light,  power.  The  angle  between  the  two  measure¬ 
ment  planes  of  the  different  colors  is  90®.  The  angle 
between  the  measurement  plane  and  the  r,  z  -  plane 
of  the  combustor  (Fig.  11  is  -f/  -  45c 


The  access  for  probe  measurement  techniques  and  The  signals  are  converted  by  counters  (Dantec)  and 
optica!  diagnostics  is  provided  by  two  axia!  slots,  processed  via  a  Zech  acquistion  interface  on  a  PC 
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'386.  For  the  time  dependent  analysis  a  new  IDA 
controlling  software  was  developed.  Performance 
comparisons  with  a  Dantec  burst  spectrum  analyser 
show  excellent  agreement  of  the  velocities  detected 
even  in  zones  of  very  low  data  rates. 

The  optical  access  to  the  combustor  is  achieved  by 
window  modules.  These  windows  are  kept  clean  and 
cold  by  an  air  flow,  which  provides  a  swirling  air  film 
over  the  combustor  side  of  the  quartz  glass  window. 
The  flow  of  the  window  cooling  air  is  adjusted  such, 
that  the  main  flow  within  the  combustor  is  not  af¬ 
fected 

The  air  of  each  jet  is  seeded  with  calzium  carbon¬ 
ate  particles  with  a  D50  of  1  /an.  A  Poly  tec  particle 
generator  (RGB  1000)  is  used  for  dispersing  the  par¬ 
ticles  in  the  flow. 


3.2  Temperature  -  Measurements 


/ 


0 


Fig.  3:  Thermocouple  probe 

With  respect  to  the  requirements  of  locally  re¬ 
solved  combustor  measurements  platinum  /  plati¬ 
num  rhodium  -  thermocouples  are  most  convenient. 
The  fundamentals  of  the  thermocouple  measuring 
technique  in  highly  tubulent  flames  are  given  in  var¬ 
ious  references  (e.g.  Heitor  [5],  Sislian  et  al.  [13]). 
However,  preliminary  studies  using  simple  thermo¬ 
couple  probes  demonstrated,  that  the  conduction 
losses  of  the  probe  are  strongly  affected  by  the  design 
of  the  sensor.  Even  thermocouple  probes  of  the  de¬ 
sign  proposed  by  Bradley  and  Matthews  [1]  showed 
significant  thermal  losses,  which  was  easily  demon¬ 
strated,  whenever  the  probe  was  inserted  from  both 
sides  in  radial  direction  into  the  combustor  at  loca¬ 
tions  with  temperature  gradients  leading  to  different 
temperatures.  Consequently,  an  improved  probe  de¬ 


sign  was  developed  starting  from  a  rigorous  analysis 
of  the  governing  heat  transfer  processes  inside  the 
probe.  The  small  diameter  of  the  bare  wires  of  65 
fim  reduces  the  heat  conduction,  that  can  influence 
the  temperature  sensitive  spot  of  the  probe  signifi¬ 
cantly.  On  the  other  hand,  the  sphere  with  a  dia¬ 
meter  of  2,5  mm  offers  a  large  area  for  the  convective 
heat  transfer  from  the  flow. 

The  remaining  problem  of  radiation  tosses  could  not 
yet  be  solved  sufficiently.  However,  it  is  expected 
to  have  a  relatively  strong  influence  in  such  a  com¬ 
bustor,  where  a  high  intensive  reacting  flame  and 
watercooled  wails  interact  with  the  probe.  Various 
approaches  are  found  to  account  for  radiation  losses 
in  the  literature.  They  all  suffer  from  the  problem, 
that  neither  the  emissivities  of  the  probe,  the  gas  and 
the  combustor  walls  nor  the  heat  transfer  coefficient 
of  convection  governed  by  the  flows  velocity  and  vis¬ 
cosity  are  known  in  detail.  Therefor  in  this  paper  ail 
temperatures  are  presented  without  any  correction 
of  the  radiative  losses. 

However,  the  new  probe  design  gives  identical  tem¬ 
perature  profiles  independently  from  the  traversing 
direction.  This  is  an  important  step  towards  ex¬ 
act  measurements  of  local  temperatures.  Because 
of  the  probes  integrating  nature,  only  time  average 
measurements  are  possible,  which  however  are  best 
suited  for  comparison  with  results  of  the  numerical 
analysis. 


3.3  Gasanalysis  -  System 

For  the  determination  of  the  species  concentration 
a  new  gas  analysis  system  is  set  up.  The  flow  dia¬ 
gram  of  the  sample  gas  is  shown  in  Figure  4.  The 
unburned  hydrocarbons  {CrHy)  are  measured  by  a 
hot,  wet  sampling  system  using  a  flame  ionisation 
detector,  On  the  cold  side  of  the  system,  the  water 
is  quenched  off  with  a  sample  gas  cooler.  Non  dis¬ 
persive  infrared  analysers  detect  carbon  monoxide, 
carbon  dioxide  and  nitrogen  oxide.  A:,  electrochemi¬ 
cal  sensor  is  used  for  measuring  the  oxygen  contents 
of  the  sample 

With  respect  to  the  well  known  problems  of  isoki¬ 
netic  gas  sampling  a  constant  mass  flow  rate  of  160 
l/h  is  adjusted,  according  to  the  requirements  of  the 
analysis  system.  Unwanted  reactions  of  the  gas  sam¬ 
ple  inside  the  probe  .ire  avoided  due  to  high  velocities 
inside  the  probe.  Several  investigations  on  the  de¬ 
sign  of  the  sampling  probe  demonstrated,  that  the 
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Fig.  4:  Gasanalysis  rack 


shaft  diameter  of  the  probe  has  strong  influence  on 
the  measured  gas  composition.  It  is  estimated  that 
probes  with  larger  diameter  act  as  flame  holders.  In 
consequence,  a  probe  with  a  very  small  diameter  is 
used. 


4  Results 


The  results  are  presented  with  the  intention  to  des¬ 
cribe  the  isothermal  and  the  reacting  -  propane  fi¬ 
red  -  flow  completely  in  detail.  The  figures  provided 
in  this  chapter  are  selected  to  illustrate  the  discus¬ 
sion  of  major  effects.  However,  the  entire  datasets 
are  presented  in  overview  diagrams  in  the  appendix 
providing  a  database  for  numerical  calculations. 

For  a  complete  analysis  of  the  flow  in  this  atmosphe¬ 
ric  combustor  all  ambient  and  inlet  conditions  were 
recorded  (see  Table  1). 


4.1  Jet  Profiles 

The  four  jets,  which  provide  the  total  air  mass  flow, 
induce  a  recirculation  zone  between  the  bottom  plate 
and  the  air  injection  plane.  A  correct  symmetry  of 
the  recirculation  zone  requires  a  uniform  distribution 
of  the  air  over  the  four  jets.  For  verificat;on  of  the 
uniformity,  the  velocity  and  turbulence  level  profiles 
of  the  four  jets  have  been  checked  by  a  hot  wire 
anemometer  (Fig.  5) 


radius  [-] 

Fig.  5:  Comparison  of  the  four  jets:  velocity  and 
turbulence  profiles 


In  contrast  to  the  fully  developed  turbulent  flow  pro¬ 
file  expected,  a  not  completely  axissymmetric  profile 
is  observed.  The  orientation  of  these  profiles  relative 
to  the  axis  depends  on  the  location  of  the  tubes, 
which  connect  the  air  supply  to  the  jets.  This  insta- 
bilitiy  is  of  dominant  influence  on  the  resulting  velo¬ 
cities  in  the  planes  analysed  (Fig.  1).  Therefore,  the 
orientation  of  the  four  tubes  is  kept  constant  during 
all  following  measurements  to  obtain  reproducible 
inlet  conditions. 


4.2  Velocity 

The  velocity  distribution  of  the  cold  flow  in  the  com¬ 
bustor  has  been  discussed  earlier  in  detail  by  Jeckel 
et  al.  [6],  In  addition,  the  axial  velocities  of  the  <p 
=  0°  -  plane  are  presented  in  the  appendix  of  this 
paper  (Fig.  17)  It  has  to  be  noted,  that  no  depen¬ 
dence  of  the  velocity  distribution  on  the  injection 
angle  tp  can  be  observed  under  nonreacling  conditi¬ 
ons,  because  of  the  high  turbulence  levels. 
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Fig.  6:  Velocity  profiles  in  plane  0 

z  =  22  mm;  mair .total  =  33,5  Fj/n: 

fTlpropane.total  =  1 ,0  kg/h ; 


Fig.  7:  Velocity  profiles  in  plane  ) 

z  =  98  mm;  mair, *<,(„(  =  33,5  kg/h; 

Mpropane, total  —-1,0  kg/h\ 


In  the  following  the  reacting  flow  is  considered.  Fig¬ 
ure  6  shows  the  flow  in  plane  0  (z  =  22  mm)  inbe- 
tween  the  dome  of  the  combustor  and  the  air  jets. 
Obviously,  a  recirci'lation  zone  is  established,  which 
stabilizes  the  flame.  The  distribution  of  the  tangen¬ 
tial  velocity  component  indicates,  that  no  predomi¬ 
nant  direction  of  rotation  is  established  in  the  flow. 
In  addition,  the  extremly  high  fluctuations,  shown 
as  rms-values  for  each  component  in  Figure  6,  are 
also  found  under  reacting  conditions. 

The  velocity  profiles  of  the  plane  1  (z  =  98  mm; 
downstream  of  the  air  injecting  plane)  are  presented 
in  Figure  7.  The  flow  has  a  Gaussian  velocity  dis¬ 
tribution  with  its  maximum  values  on  the  axis  of 
symmetry  (r  =  0).  In  this  plane  the  highest  axial 
velocity  is  found  compared  to  afl  planes  downstream 
of  air  injection.  The  tangential  velocity  profiles  in¬ 
dicate  that  the  interaction  of  the  four  jets  induces 
a  rotation  of  the  flow.  It  decreases  rapidly  down- 
siceam,  because  of  strong  turbulent  mixing,  which  is 
caused  by  the  combustor  configuration  and  enhanced 
by  chemical  reaction  of  the  fuel  with  the  air.  There¬ 
fore.  turbulent  mixing  induces  a  homogenisation  of 
the  velocity  profiles  further  downstream.  As  conse¬ 
quence,  a  piston  profile  was  found  in  plane  9  (z  = 
434  mm)  close  to  the  combustor  exit  (Figure  18). 


4.3  Temperature 


Detailed  measurements  of  the  temperature  were  per¬ 
formed  at  all  seven  axial  positions  for  three  different 
air  injection  angles.  The  temperature  diotribu.ion 
in  plane  0  (z==  22  mm)  (Fig.  8)  shows  two  maxima, 
each  located  around  the  center  of  the  recirculation 
zone,  with  highest  temperatures  of  about  1600  K 
and  minimum  temperatures  of  about  900  K  on  the 
combustors  axis.  The  very  lean  fuel  to  air  ratio 
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Fig.  8:  Temperature  distribution  at  various  jet  an¬ 
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z  -  22  mm;  mair, total  =  3-3,5  kg/h; 
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Fig.  9:  Temperature  distribution  at  various  jet  an¬ 
gles  <p 

?.  -  9S  mm;  ma,rl„,ai  =  33,5  kg/h, 
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Fig.  10:  Comparison  of  the  emission  profiles  in 
plane  0  (z  =  22  mm) 

ip  —  0°;  rhair.ioiu/  — ■  33,5  kg/h\ 

Wpropant,  total  =  hOkg/h', 


(compare  'Table  1)  and  also  the  watercooled  walls  of 
the  combustor  are  responsible  for  the  relatively  low 
temperature  maxima  of  1600  K.  The  minimum  val¬ 
ues  of  900  K  on  the  axis  are  caused  by  recirculating 
fresh  air.  Also,  no  dependence  on  the  air  injection 
angle  could  be  detected  in  the  temperature  profiles 
(Fig.  9). 

This  was  also  found  in  the  plane  directly  behind  the 
air  injection  (Fig.  9).  The  minimum  value  on  the 
axis  of  900  K  is  caused  by  the  fresh  air  flowing  di¬ 
rectly  downstream.  The  maxima  of  the  temperature 
at  radial  positions  of  ±  25  mm  are  with  1300  K 
not  as  high  as  in  plane  0,  due  to  enhanced  turbulent 
mixing 


4.4  Species  Concentration 

The  gas  composition  was  analysed  at  identical  po¬ 
sitions  as  the  temperatures.  'The  sampling  system 
gave  the  possibility  of  analysing  O?,  CO2,  GYJ,  CTHy 
and  NOr.  The  results  of  the  sampling  in  the  first 
two  planes  are  shown  in  Figure  10  and  11  for  all 
five  species.  The  species  distributions  are  directly 
correlated  with  the  temperature  distributions  (see 
l Chapter  4.3).  The  high  oxygen  concentration^  on 
the  combustor  axis  are  due  to  the  jet  induced  fresh 
air  flow  on  the  axis.  Consequently,  the  carbon  diox¬ 
ide  concentrations  have  their  minmium  in  this  le¬ 
gion.  The  unburned  hydrocarbons  are  found  mainly 
at  large  radial  positions,  indicating  that  the  entire 


fuel  mass  flow  is  shifted  to  the  outer  regions  of  the 
combustor.  This  is  due  to  the  recirculating  fresh  air 
on  the  axis,  which  transports  the  fuel  to  the  regions, 
where  the  recirculation  zone  allows  the  stabilization 
of  the  flame.  Here,  the  major  advantage  of  this  type 
of  flarne  stabilization  becomes  obvious,  as  only  flu- 
iddynamic  effects  are  responsible  for  the  flame  sta¬ 
bilization.  No  additional  hardware  is  required  to  act 
as  flame  holder. 


Fig.  11  :  Comparison  of  the  emission  profiles  in 
plane  1  (z  =  98  mm) 

~  ^  i  ^air, total  =  33,5  kff/h. 

mpr.'panej  >tal  — •  1  kg/ll, 


Tin  concentration  of  the  unburned  hydrocarbons 
downstream  of  the  air  injection  plane  (z  =  98  mm, 
Fig,  11)  indicate,  that  the  reaction  is  almost  com¬ 
pleted,  This  statement  is  also  confirmed  by  visual 
observat  ion.  The  gradients  of  the  concentration  pro¬ 
files  are  relatively  high  at  the  outer  radii,  but  the 
turbulent  mixing  homogenizes  the  radial  distribu¬ 
tions  of  the  species  concentrations  further  down¬ 
stream  (Fig.  20  and  21). 


4.5  Time  Resolved  Analysis 


All  measurements  presented  so  far,  indicate  no  de¬ 
pendence  of  the  flow  on  the  angle  <p  of  air  injec¬ 
tion.  In  order  to  analyse  the  reasons  for  this  unex¬ 
pected  behaviour,  a  detailed  time  dependent  analy¬ 
sis  of  the  velocity  and  temperature  fluctuations  was 
performed. 
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Fig,  12:  Comparison  of  the  local  velocity  at.  posi¬ 
tion  z  =  22  mrn,  <p  —  0°,  r  =  -25,  rhaM.  total 
—  3,1,5  kg/h,  mp~opan c*  total  ~  1,9  kg/h. 

The  axial  and  tangential  velocity  fluctuations  wore 
analysed  on  basis  of  LDA-samples  containing  lO'.’OO 
single  measurements  (sampling  rate  1  kHz)  Fig¬ 
ure  12  visualizes  the  difference  between  the  coid  and 
hot  flow  cane.  The  distribution  of  the  cold  velocity 
around  the  average  value  is  very  broad,  but  in  the 
reacting  case,  there  is  still  an  enormous  increase  in 
the  broadness  of  the  distribution.  The  plots  of  the 
axial  velocity  versus  the  tangential  velocity  of  both 
flow  conditions  (Fig.  12)  show  a  stochastic  distribu¬ 
tion  but  no  bi  modality  or  other  effects  indicating  a 
flapping  between  different  flow  patterns  Due  to  the 
enhanced  turbulence  levei  of  the  reacting  How  the 
velocity  distribution  is  also  broadened. 

This  is  confirmed  by  plotting  the  axial  velocity  ver 
sus  time,  as  shown  in  Figs,  13  and  14  He^e,  the  ve¬ 
locity  distribution  is  nearly  stochastic  fer  both  How 
situations,  but  the  intensity  of  the  fluctuations  is 
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Fig.  13.  (  .’old  flow:  timedependence  of  the  axial  ve¬ 
locity  a*  position  z  -  22  mm,  <p  •-  0®,  r  = 
-25;  thurr, tsinf  =  33,5  kg/h, 
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Fig.  14:  Hot  flow:  timedependence  of  the  axial  ve¬ 
locity  at  position  i  =.  22  mm,  <p  =  0",  r  = 
•  25,  m air  .total  —  33,5  kg/h',  thprcpanr .total 
-  !  ,0  kg/h: 
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Fig.  15:  Frequency  ,i.,.dysis  of  the  velocity  (Hot  / 


<  ’old)  in  the  point  /,  —  22  mm,  p  —  O  ’,  r  — 
-4>).  m/tir  toial  ~~  3,1.5  leg/h  Utp r  >|»«n  t  ,t  o'al 
-  1  ,U  kg/h. 
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much  hi^hn*  for  the  tuning  flow. 

!n  order  lo  get  a  deeper  insight  whether  the  velocity 
fluctuations  are  really  stochastic  or  whether  domi¬ 
nant  frequencies  are  detectable,  the  recorded  veloci¬ 
ties  w* re  transformed  iri  power  spectra  by  means  of 
the  F  FT  -method. 


'l'he  FFT-method  allows  an  analysis  in  a  frequency 
range  depending  on  the  sampling  rate  f,ampiing  and 
the  sampling  depth  n,ampif 
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For  the  sampling  rate  chosen  of  1  kHz,  a  detectable 
frequency  is  in  range  from  0.1  Hz  to  500  Hz. 

l'he  two  spectra  of  the  cold  and  the  reacting  flow 
(Fig.  15)  show  similar  characteristics  with  a  couple 
of  high  intensity,  low  frequent  shares  and  a  decrease 
of  the  intensity  for  increasing  frequencies.  But  it  is 
important  to  note,  that  at  higher  frequencies  (/  >  20 
Hz)  the  intensity  of  the  velocity  fluctuations  of  the 
cold  flow  is  about  one  order  of  magnitude  below  that 
of  the  reacting  flow.  For  the  cold  flow  a  pronounced 
decrease  of  the  fluctuations  is  obtained  above  20  Hz 
,  whereas  for  the  reacting  flow  only  a  slight  decrease 
is  observed. 

The  extremly  high  level  of  the  turbulent  fluctua- 
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Fig.  16:  1  emperature  time  serie. 
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tions  is  also  detectable  in  the  plot  of  the  tempera¬ 
ture  versus  time,  measured  with  a  time  response  op¬ 
timized  thermocouple  with  a  sampling  rate  of  2500 
Hz.  Knowing  that  thermocouples  are  not  able  to  fol¬ 
low  fluctuations  of  high  frequency  ,  this  figure  gives 
only  an  impression  of  the  range  of  the  temperature 
fluctuations  in  the  reaction  zone. 


5  Conclusions 


The  flow  held,  temperature  distribution  and  species 
concentration  and  their  fluctuations  have  been  stud¬ 
ied  in  a  jet-stabilized  combustor  under  burning  and 
nonburning  conditions.  The  measurements  provide 
an  extensive  data  base  for  verification  and  testing  of 
numerical  codes. 

For  high  accuracy  measurements  under  operating 
combustor  conditions  improved  thermocouple  and 
species  sampling  probes  have  beeen  developed. 

The  measurements  of  time  averaged  velocity,  tem¬ 
perature  and  species  distributions  reveal,  that  three- 
dimensional  effects  induced  by  the  highly  turbulent 
flow  in  this  type  of  combustor  are  of  major  signifi¬ 
cance. 

Therefor,  special  emphasis  has  been  put  on  the 
study  of  the  effects  by  time  resolved  measurements 
of  the  velocity  and  temperature,  using  an  advanced 
LDA  sampling  technique  and  optimized  thermocou¬ 
ple  probes,  The  results  show  that  turbulence  is 
strongly  enhanced  under  reacting  conditions. 
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Nomenclature 


Symbol 

Unit 

Physical  Property 

AFR 

... 

air  to  fuel  ratio 

Di n 

fzm 

mean  diameter  of  seeding 
particles 

c 

m/s 

velocity 

Cax 

m/s 

axial  mean  velocity 

C-tan 

m/s 

tangential  mean  velocity 

m/ 8 

axial  velocity  fluctuations 

c'tan 

m/s 

tangential  velocity 

fluctuations 

d 

mm 

diameter 

fmin 

Hz 

lowest  detectable  frequency 

J max 

Hz 

highest  detectable  frequency 

} sample 

Hz 

sampling  frequency 

ft  t  ample 

- 

number  of  sampler: 

in 

kg/h 

mess  flow 

r 

mm 

radius 

r  FT 

rnm 

radius  of  the  combustor  flame 
tube 

<t> 

7 

equivalence  ratio 

V 

(-] 

angle  between  injection  and 
measurement  plane 

FIX 

9r/^9 

emission  index  of  specie  x 

P 

I\W 

power 

T 

°K 

temperature 

Tu 

% 

turbulence  level 

z 

rnm 

axial  distance  from  bottom 
plane 

Radius  R  in  [mm] 


Appendix 


P  dPL 

80.0 

mm 

*1010/ 

1220.0 

mm 

ZwatercooledT  ufce 

520.0 

mm 

2  Bottom  j  J  et 

60.0 

mm 

djet 

8.0 

mm 

t^Air 

33.5 

kg/h 

r Air 

292.0 

K 

38.5 

m/s 

Fuel 

c3//8 

Propane 

r^Fue! 

1.0 

kg/h 

TfucI 

292.0 

K 

cFuel,in 

20.0 

m/s 

2.28 

AFR 

33.5 

Pihermal 

12.1 

kW 

F ipecilie 

40.1 

MW/m 3 

rricw 

•100.0 

kg/h 

Tew, in 

2i9 

K 

'Fc'V,out 

289 

K 

F\V  all 

350 

K 

^  exhaust 

750 

K 

VK(Oi) 

12.5 

% 

VK(CG2) 

5.5 

% 

VK(CO) 

784 

ppm 

VK(NOx) 

63 

ppm 

VK<CxHv) 

121 

ppm 

Table  1:  Characteristics  of  the  Jet-stabilized  Combustor 
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Fig.  A7:  Axial  -  velocity  -  profiles  in  the  combustor:  cold  flow,  0°  -  degree  -  plane;  ma,r  =  33.5  kg/h 
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Fig.  19:  Temperature  profiles  in  the  corTibu8tor:ma,r)t0|ai  =  33,5  kg/h\  mpropanc, total  ~  1,0  kg/h ; 
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Discussion 


Question  !.  M.  Nina 

The  configuration  you  showed  for  your  thermocouple  seems  to  be  prone  to  large  errors  due  to  the  large  surface  area  of  the  sphere 
at  the  weld.  The  errors  would  be  mainly  from  radiation  and  catalytic  effects  of  platinum  and  platinum  rhodium.  Would  you 
comment  on  these  aspects? 

Author’s  Reply 

Our  intention  for  recommending  this  piobe  design  was  the  reduction  of  the  temperature  error  due  to  conduction  losses,  which 
are  extreme  in  a  flame  with  high  gradients,  like  the  one  in  the  combustor  investigated.  This  probe  design  provides  symmetric 
results,  even  in  a  flame  with  two  maxima.  Also  the  results  are  independent  of  the  traverse  direction.  Hus  proves  the  advantage  of 
this  new  probe  design,  compared  to  various  probe  designs  proposed  in  the  literature.  Of  course  there  are  errors  due  to  radiation 
and  catalytic  effect s.  According  to  the  literature  the  catalytic  error  is  estimated  to  be  relatively  small.  This  was  confirmed  by  our 
experiments  using  coated  and  uncoated  probes.  The  radiation  errors  are  not  negligible,  of  course.  However,  we  developed  a 
program  which  compares  the  most  important  radiation  corrections  available  in  the  literature.  Th^e  different  approaches  result 
in  a  correction  in  the  sampled  temperature  data  over  a  range  from  20  to  400K  at  every  high  temperature  pc  int.  In  oui  opinion, 
however,  the  presentation  of  the  raw  sampled  data  is  the  best  way  to  present  the  measured  thermocouple  temperatures. 


Question  2.  S.  Maidhof 

Can  you  give  an  estimate  of  the  extension  of  the  measuring  volumes  for  the  various  measuring  techniques?  Can  the 
independence  of  the  measurements  of  the  tangential  position  be  partly  caused  by  the  tangential  size  of  the  measuring  volume? 

Author’s  Reply 

For  the  LDA  measurements,  the  measurement  volume  had  a  diameter  of  200  microns  and  a  length  of  600  microns.  The 
thermocouple  sphere  diameter  was  2.5  millimetres.  A  suction  probe  was  used  for  gas  sampling  with  an  inner  diameter  of  1mm 
and  an  outer  diameter  of  1.6mm.  Therefore,  the  local  resolution  is  much  better  than  the  distance  between  the  different  angular 
positions  at  the  outer  radii  where  the  differences  would  be  expected. 

Question  3.  J.  Tilston 

The  time  resolved  temperature  measurements  seem  to  show  a  one  second  sawtooth  profile  period.  Is  this  real  or  is  it  just  a  visual 
illusion  on  this  illustration? 

Author’s  Reply 

The  temperature  fluctuations  in  the  combustor  primary  zone  are  very  extreme  at  every  point.  At  some  locations  the  time 
resolved  temperatures  indicate  a  sawtooth  profile,  but  it  is  not  reproducible  Considering  all  the  data  available,  it  can  be 
concluded  that  the  temperature  fluctuations  are  mere  or  less  stochastic. 


Question  4.  S.  Sivasegaram 

Have  you  carried  out  measurements  of  the  fluctuating  temperatures  with  the  flow  rate  and  fuel/air  ratio  as  variables,  in  order  to 
identify  the  source  of  the  very  low  frequency  fluctuation? 

Author’s  Reply 

No,  we  have  not  examined  that  in  detail  until  recently,  since  our  intention  was  to  collect  a  complete  local  reso'ved  dataset 
However,  a  variation  of  the  fuel/air  ratio  influenced  the  sound  emission. 


Question  5.  S.  Alizadeh 

Do  you  ;hmk  it  is  surprising  that  the  time  resolved  measurements,  taken  at  a  location  within  the  combustor  primary  zone, 
indicate  isotropic  turbulence? 

Author’s  Reply 

Yes,  it  is  surprising.  However,  even  the  angle  independence  of  the  measured  profiles  indicate  there  is  strong  mixing  which  is 
direction  independent.  A  detailed  examination  of  the  data  revealed  that  the  fluctuations  are  extreme  and  that  they  are  isotropic. 
The  level  of  the  fluctuations  decreases  with  increasing  z-positions,  but  the  isotropy  was  found  throughout  the  combustor.  This 
statement  is  emphasized  by  the  excellent  agreement  of  the  measured  results  with  the  calculated  data  using  the  kappa,  epsilon 
model. 
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SUMMARY 

A  small  tubular  combustor  of  normal  design  and 
behaviour,  employing  acoustically  controlled  primary  zone 
air-jet  mixing  processes,  has  been  successfully  tested  at 
scaled  '/«  load  operating  conditions,  and  some  data  was 
obtained  at  'A,  Vi  and  ’/<  loads.  Ibe  acoustic  control 
produced  a  distinct  richening  clTcct,  measured  just 
downstream  of  the  primary  zone,  which  produced  a 
decrease  in  combustion  efficiency  and  a  somewhat 
increased  and  flatter  combustion  gas  temperature 
distribution.  Ibc  prime  cause  of  richening  was  due  to 
combustor  flow  blockage  caused  by  acoustically  enhanced 
jet  penetration.  Ibis,  and  the  secondary  effect  of 
acoustically  shed  jet  toroidal  vortices,  resulted  in  up  to 
35%  increase  in  mixing,  relative  to  "no-drive"  measured 
just  downstream  of  the  primary  zone. 

The  acoust-e  drive  produced  a  more  uniform  exit  plane 
temperature  pjttcm,  resulting  in  up  to  35%  improvement 
in  mixing  relative  to  "no-drive"  and  in  up  to  20%  relative 
improvement  in  the  temperature  pattern  quality.  Ibc 
effects  depended  on  air/fuel  ratio  and  in  general  improved 
relative  to  "no-drive”  with  richening.  At  Vi  load,  150W 
single  driver  power,  the  acoustic  driving  effectiveness  was 
reduced  by  about  80%  with  correspondingly  reduced 
improvements  in  mixing  and  quality.  Ibe  effects  ».f 
acoustic  drive  were  favourably  controllable  by  means  of  the 
driving  power,  and  the  exit  plane  data  showed  increased 
flow  blockage  caused  by  increased  jet  penetration  by  the 
acoustic  drive  was  the  major  control  mechanism. 

NOMKNCI.ATURK 

AJP  overall  air/fucl  ratio  (by  mass  flow  rate) 

D  jet  orifice  diameter 

El  local  emission  index 

/  drivi  ig  frequency 

Afa  total  air  mass  flow  rale 

Mm  equivalent  mean  air  mass  How  rate  at  entrance  to 

secondary  zone 

fuel  mass  flow  rate 


Mr  reference  Mach  number  based  ort  maximum 
I.DIA.  of  casing 
n  number  of  data  points 

NO  "no-drive" 

pt  inlet  static  pressure 

p,  exit  static  pressure 

inlet  stagnation  pressure 
pm  exit  stagnation  pressure 

Q  exit  temperature  pattern  quality 

R  residual  temperature  standard  deviation 

Sm  mixing  standard  deviation  calculated  for  all  exit 
plane  temperature  data 

Smf  mixing  standard  deviation  based  on  combustion 

gas  temperatures 

Sml  mixingstandard  deviation  calculated  for  truncated 

exit  plane  temperature  data 

Sg  temperature  profile  acoustic  driving  standard 

deviation  calculated  for  all  data  of  set 
5,,  temperature  profile  acoustic  driving  standard 

deviation  calculated  for  truncated  data  set 
T  local  average  stagnation  temperature  local 

average  static  temperature 
Td  dilution  zone  wall  temperature 

Tf  fuel  temperature 

f  local  combustion  gas  temperature 

Tgn  mean  combustion  gas  temperature 

Tp  primary  zone  wall  temperature 

Tj  inlet  temperature 

Tj  exit  plane  local  average  temperature 

Tim  cx'1  plat'*-'  mean  temperature 

exit  plane  local  average  maximum  temperature 
Tmo  exit  plane  local  average  temperature  "no-drive" 
Tw  exit  plane  local  average  temperature  "with-drive" 

T^  average  value  of  "no-drive"  and  "with- 
drivc" 

l7',)0  exit  plane  k>caJ  average  temperature  atO* 

thermocouple  array  jmsiliori. 
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o;>*  exit  plane  local  average  temperature  at 360' 
thermocouple  array  position 

Ut  jet  velocity  excitation  pulsation  amplitude,  at  the 
oriliee  exit  plane  centre  (unsteady  flow) 

Vj  steady  mean  jet  velocity  at  the  orifice  exit  plane 
W  power  at  acoustic  driver 

W  average  total  power,  all  tests,  for  three  acoustic 
drivers 

WD  "with -drive" 
r)f  local  combustion  eiriciency 
0^  local  average  dimensionless  relative  temperature 
pj  density  of  the  jet  flow  at  orifice  exit  plane 
4  local  equivalence  ratio,  stoic.  A/F/local  actual 
A/F 

local  equivalence  ratio  "no-drive" 

4,  overall  equivalence  ratio  due 
4^  local  equivalence  ratio  "with-drive" 

A4  average  change  in  equivalence  ratio  due  to 
acoustic  drive 

1.  INTRODUCTION 

Previous  studies  (1).(2)  showed  that  the  mixing  processes 
of  the  dilution-air  jets  of  a  small  tubular  combustor  of 
normal  design  could  be  beneficially  acoustically  controlled. 
This  demonstrated  that  acoustic  modulation  of  the 
dilution-air  jet  flows  allowed  progressive  and  selective 
control  of  the  exit-plane  temperature  distribution. 
Specifically,  for  a  good  temperature  traverse  quality,  it  was 
possible  to  trim  the  temperature  profile.  Accordingly,  a 
desired  exit-plane  temperature  distribution  may  be 
achieved.  From  these  results  it  was  inferred  that  the 
cntra'nment  rate  and  mixing  of  the  dilution-air  jets  was 
increased  by  the  acoustic  pulsations.  Ibis  promoted 
detailed  investigations  into  acoustically  pulsed  frec-jct 
mixing  (3),(4),(5),  and  showed  that  the  entrainment  and 
entrainment  coefficient  of  the  jet  could  be  considerably 
increased,  by  up  to  (>  times.  Since  jet  entrainment  is 
responsible  for  the  mixing  produced  by  a  jet,  jet  mixing 
would  also  be  improved. 

Gas  turbine  combustor  performance  depends  on  jet  flow 
mixing  and  in  panieuiar  on  the  mixing  of  air  jets  with  a 
confined  hot  crossflow.  Therefore,  experimental  studies 
were  done  on  an  acoustically  pulsed  air  jet  mixing  with  a 
confined  crossflow  (6).(7),  and  showed  that  mixing  was 
significantly  increased  and  penetration  at  least  1(X)% 
increased.  ITie  response  of  the  acoustically  pulsed  jet,  as 
determined  from  penetration  and  mixing,  was  found  to  be 
optimum  at  a  Strouhal  number  of  about  0.27. 

Acoustic  excitation  pulses  the  jet  at  its  orifice  exit  plane 
causing  the  jet  flow  to  develop  a  train  of  toroidal  vortices 
(3),(6).(8).  Ihc  entraining  action  of  the  travelling  toroidal 
vortices  is  the  primary  mechanism  of  the  acoustically 
augmented  mixing  and  penetration  processes.  Ihc  success 
of  these  activities  has  now  resulted  in  the  technique  being 
applied  to  the  air  jets  of  the  combustor  primary  /one  of 
Ref.  I,  also  Fig.  1  because  of  the  potential  for  control  and 
improvement  in  combustor  performance.  Ihcst  novel 
experiments  were  designeJ  to  examine  the  effectiveness 
and  control  liy  the  acoustic  drive,  by  means  of  combustion 
products  measurements  across  a  mid-plane  diameter  of  the 


combustor  secondary  zone.  Fig.  1,  ie.,  just  downstream  of 
the  primary  zone,  and  by  temperature  profile 
measurements  in  the  combustor  exit  plane.  Tests  were 
made  over  representative  ranges  of  overall  air/fucl  ratio 
A/F.  reference  Mach  number  Mt  (load)  and  acoustic  driver 
power  W. 

2.  EXPERIMENTAL 

Combustor  with  Acoustically  Pulsed  Primary  Zone  Air  Jets 

Ihe  apparatus  is  essentially  the  same  as  that  described  in 
Refs.  1  and  2,  except  that  the  combustor  exit  plane 
temperature  distribution  is  now  measured  by  18  shielded 
thermocouples  in  a  3  spoked  array  which  was  rotated  in 
15°  steps  to  produce  a  polar  data  array  of  432  temperature 
measurements.  Reference  1  shows  a  cross-section  of  the 
combustor,  unmodified  for  acoustic  control,  giving  its  air- 
distribution  and  important  features.  Ptovision  was  made 
for  the  measurement  of  air  and  fuel  mass  flow  rates  and 
the  combustor  inlet  and  exit  conditions.  Thermocouples 
attached  to  the  outside  wall  of  the  flame  tube  measuted 
wall  temperatures  in  the  primary  and  dilution  zones. 
Combustion  products  distributions  were  measured  by  a 
water  cooled  probe  traversed  diamelrally  through  a 
secondary  zone  air  hole,  at  approximately  the  3:30  o’clock 
position  looking  upstream.  Gas  samples  were  then  passed 
to  instruments  for  the  measurement  of  concentrations  of 
CH4,  CO,  CO 2  and  0,.  The  pressure  and  temperature  data 
obtained  was  processed  by  a  Pe rsonai  Computer  controlled 
data  logging  system,  and  exit  plane  temperature 
distributions  were  analysed  by  a  Sun  mainframe  computer. 

Figure  1  illustrates  the  method  for  acoustic  control  of  the 
normal  tubular  combustor  primary  zone.  The  usual  liquid 
fuel  atomizer  has  been  replaced  by  a  conical  gas  injector 
for  the  burning  of  commercial  natural  gas.  The  method 
channels  air  from  upstream  of  the  combustor  inlet  via  6  by¬ 
pass  tubes  connecting  to  a  split  manifold  of  3  separate 
segments  which  feeds  the  20  primary  zone  air  jet  holes  in 
the  flame  tube.  Ten  pairs  of  radial  tubes  cross  the 
combustor  annulus  to  connect  the  air  holes  of  the  flame 
tube  to  the  manifold  segments  surrounding  the  combustor 
casing.  Jiach  manifold  segment  is  connected  by  a  driver 
tube  to  a  300  W  loudspeaker  which  provides  the  acoustic 
driving  and  control.  ITie  strongest  acoustic  driving  mode 
of  the  system  was  established  by  means  of  an  HP  5423A 
two  channel  analyzer,  using  as  an  input  signal  a  voltage 
proportional  to  the  iouds,>cakcr  currant,  and  as  an  output 
signal  the  voltage  from  a  microphone  measuring  sound 
pressure  near  the  exit  of  a  primaty  zone  air  jet  hole  in  the 
flame  tube.  Ihcsc  measurements  were  made  without 
airflow  through  the  combustor.  However,  to  cheek  that  the 
measurements  were  meaningful,  a  hot  film  anemometer 
was  used  to  measure  the  air  jet  velocity  through  a  primary 
zone  hole  for  a  modest  air  flow  through  the  combustor. 
Under  acoustic  drive  conditions,  the  anemometer  detected 
the  strongest  pulsating  flow  at  the  strongest  acoustic  mode 
of  the  system,  thereby  confirming  that  the  no  flow  analysis 
was  meaningful,  and  that  the  optimum  acoustic  lest 
frequency  was  227  ]  Iz.  Because  of  limited  funding,  a  single 
two  channel  amplifier  powered  the  3  loudspeakers,  thereby 
necessitating  a  parallel  connection  f  >r  two  speakers  when 
all  three  speakers  were  being  used  simultaneously.  Power 
at  4  loudspeaker  driver  was  measured  by  an  a.c.  voltmeter 
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Fig.  1  Method  for  Acoustic  Control  of  Combustor  Primary  Zone  Air-Jet  Mixing. 
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and  ammeter,  ignoring  the  power  factor  since  previous 
work  had  shown  it  to  he  close  to  unity  (4). 

T  able  I  summarises  the  range  of  lest  conditions  used  and 
indicates  that  up  to  sealed  "Vi  load"  operation,  based  upon 
the  reference  Mach  number  aerodynamic  scaling  factor, 
was  achieved.  As  is  usual  for  this  type  of  combustor, A#, 
was  calculated  at  the  maximum  inside  diameter  of  the 
casing  ( 142.9  mm  dia.). 
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Combustor  Measurements  and  Accuracy 

Combustion  gas  samples  were  measured  to  within  ±2%  or 
belter. 

The  thermocouples  measuring  the  exit  plane  temperature 
distribution  were  arranged  so  that  7  thermocouples 


measured  the  temperature  of  seven  equal  area  zones.  The 
11  remaining  thermocouples  were  then  arranged  so  that 
well  defined  diametral  temperature  profiles  would  be 
measured,  all  thermocouples  being  positioned  at  different 
fixed  radii,  as  shown  in  I;ig.  10.  Fach  local  temperature 
measurement  T}  was  the  average  of  11  samples,  and  the 
whole  array  of  432  measurements  was  averaged  to  define 
the  exit  plane  mean  temperature  T^.  The  chrorael-alumel 
thermocouples  were  accurate  to  ±2%.  including  random 
uncertainty,  over  the  experimental  range.  The  flame  tube 
wall  thermocouples  were  similar. 

The  air  and  fuel  mass  flow  rates  were  accurate  to  ±2'A%, 
and  ±  1  'A%  respectively. 

Individual  static  and  stagnation  pressure  measurements 
were  accurate  to  ±0.2%,  whilst  the  hot  pressure  loss 
Pm  '~P»  ’*as  measured  to  within  ±4%;  pm  and  are 
inlet  and  exit  s' agnation  pressures  respectively. 

Combustion  Products  Measurements  and  Results 

These  measurements  were  made  in  older  to  determine  for 
the  measurement  plane: 

(a)  the  diametral  distributions  of  pollutants,  CO  and 
CH4 . 

(b)  the  diametral  distributions  of  equivalence  ratio  +, 
combustion  efficiency  t)4  and  combustion  gas 
temperature  Tf. 

From  the  gas  analysis  data  for  a  particular  test  and  the 
standa  rd  combustion  equation  for  methane,  the  number  of 
mols  ol  products  were  calculated  and  hence  the 
equivalence  ratio  determined.  With  all  the  coefficients  in 
the  combustion  equation  now  known  the  combustion 
efficiency  p,  was  calculated  using  standarJ  net  calorific 
value*  for  CHt  and  CO,  and  since  some  unbumt  CH,  and 
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CO  was  measured  r,c  <  1 .  (hen  from  the  First  I  .aw  of 
Thermodynamics  and  assuming  the  combustor  was 
adiabatic.  T  was  calculated  using  standard  enthalpy  values 
for  the  reactants  and  products. 

Typical  diametral  distiibutions  of  pollutants, 
combustion  efficiency  loss  (1  -  t\c)  and  Tg  are  presented 
in  Figs.  2-5.  Approximately  symmetrical  equal  driving  of 
all  primary'  zone  air  jets  W3S  assured  by  powering  the  three 
acoustic  drivers  at  an  average  power  of  31.3W  each.  The 
driving  power  for  all  tests  was  approximately  constant  at  an 
average  of  33 W  per  driver,  whilst  the  load  fair  mass  flow 
rate)  was  varied  from  0.2  to  0.5  with  selected  variation  of 
A/F  from  50  to  117.  All  the  combustion  products 
measurements  were  made  before  the  combustor  exit  plane 
temperature  profile  measurement  assembly  was 
manufactured,  lienee  the  combustion  products  data  and 
exit  plane  temperature  profile  data  arc  completely 
independent,  and  since  the  combustion  products  were 
measured  on  one  diameter  for  mostly  single  tests  tncy 
should  be  considered  as  preliminary  data  only. 

EQUIVALENCEflATIQ  DISTRIBUTION.  SYMMETRICAL  DRIVING. 
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Fig.  2  'Typical  Combustion  Zone  Diametral  Fquivalcncc 
Ratio  Distribution.  Symmetrical  Driving  at 
Constant  Power,  Test  No. 4, 0.2  lx>ad,  See  Table 
I  also. 


Tits*  k*sukt~Combustion  Products  "No  Acoustic  Drivo" 

Figures  2  to  5  typically  show  concave  distributions  about 
the  combustor  centre-line  for  the  "no-drive”  condition. 
Thus  +  is  lean  in  the  combustor  centre  becoming 
approximately  stoichiometric  close  to  the  flame  tube  wall. 
Ibe  emission  index  III  for  Cll4  has  a  minimum  value  at  the 
centre-line  raising  to  a  maximum  near  the  Ibmc  tube  wall, 
and  HI  for  CO  behaves  similarly  except  the  maximum 
occurs  at  about  one  half  radius  from  the  centre-line, 
subsequently  decreasing  as  the  flame  tube  wall  is 
approached.  Ibe  efficiency  loss  distribution  reflects  that 
of  the  emission  indices  as  would  be  expected.  Ibe 
maximum  in  CO  corresponds  to  about  70%  in  combustion 
efficiency  and  must  decrease  in  pioxiniily  to  the  wall  since  n, 
is  very  iow  and  CU4  must  dominate.  Ibe  temperature 
distribution  Inflows  that  of  4,  as  determined  by  the  + ,  Tf 
plot  of  Fig.  6  with  some  low  temperature  data 
conspicuously  in  etror. 
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Fig.  3  Typical  Combustion  Zone  Diametral  Pollutants 
Distribution,  Symmetrical  Driving  at  Constant 
Power,  l  est  No.4,  0.2  D>ad,  See  Table  I  also. 


COMBUSTION  EFFICIENCY  LOSS  DISTRIBUTION. 
SYMMETRICAL  DRIVING, 
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DISTANCE  FROM  CENTRE  LINE  (mm) 

Fig.  4  Typical  Combustion  Zone  Diametral  Combustion 
efficiency  Ixrss  Distribution,  Symmetrica!  Driving 
at  Constant  Power.  lest  No.4,  0.2  Load.  See 
lible  1  also. 


All  the  data  are  conveniently  summarised  in  Fig.  6  and  by 
plotting  *1,  (Fig-  7)  and  El  for  Cll4  and  CO  against 
(1  -  r|f).  Figs.  8  and  9,  Figure  7  shows  combustion 
efficiency  peaking  at  about  $  =  0  45  (ic.,  about  4  -  0.9  in 
the  primarv  zone)  which  agrees  with  that  of  most 
combustors.  Ibe  emission  index  for  C//„  Fig.  8,  exhibits 
similar  liehaviour  to  that  of  the  data  from  other 
combustors  (2).  (JO).  (JJJ  as  docs  El  CO,  Fig.  9.  Ibe 
maximum  in  El  CO  as  the  combustion  efficiency  becomes 
very  low  is  clearly  shown  in  Fig.  9.  Unfortunately  there  is 
a  fair  amount  of  scatter  in  the  data,  Fig.  7,  perhaps  due  to 
measurement  limitations,  and  some  data  at  low  t)(  is 
obviously  susfiecl. 


Fig.  5  iypical  Combustion  /one  Diametral  Gaa 
Temperature  Distribution, Symmetrical  Driving  at 
Constant  Power,  Test  No. 4. 0.2  Load,  See  Table 
I  also. 


Fig.  7  l>)Wi»stream  of  Primary  Zone  Combustion 
Efficiency  Versus  Iiquivalcnce  Ratio,  All  Data, 
Symmetrical  Driving  at  approximate  Constant 
Power. 
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Fig.  6  C  ombustion  Zone  Gas  Temperature  Versus 
Equivalence  Ratio,  All  Data,  Symmetrical  Driving 
at  approximate  Constant  Power. 
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Fig.  8  Combustion  Zone  Methane  Concentration  Versus 
Combustion  Efficiency  Loss,  All  Data, 
Symmetrical  Driving  at  approximate  Constant 
Power. 


Test  fhsulU-Combustion  Products  "With  Acoustic  Drive" 
Figures  2  to  5  show  the  general  effect  of  acoustic  drive  on 
the  distributions  across  the  combustor  diameter  of  +, 
pollutants,  (1  -  qr)  and  Tf,  and  in  general  all  parameters 
tend  to  increase,  and  become  more  uniform  under  the 
acoustic  augmentation  of  penetration,  entrainment  and 
mixing,  thereby  carrying  more  material  towards  the 
centre-line.  At  first  sight  there  is  little  disccmable 
separation  of  the  data  by  acoustic  drive  in  Figs.  6,7,8  and 
9,  indicating  that  the  richcning  by  acoustic  drive  simply 
produces  corresponding  changes  in  qe,  and  therefore  in 
the  pollutants,  according  to  the  "no-drive  relationship  oft|t 
with  +  , 


Exit  Plane  Temperature  Profile  Measurements  and  Results 

The  objective  of  these  measurements  was  to  establish: 

(a)  that  the  temperature  pattern  was  satisfactory,  and 
typical,  without  acoustic  drive, 

(b)  that  the  temperature  pattern  was  stable  and 
repeatable  for  the  selected  conditions, 

(c)  the  magnitude  of  changes  in  the  temperature 
pattern  caused  by  acoustic  drive. 

For  comparative  purposes,  the  data  arc  presented  in  terras 

of  the  local  average  dimensionless  relative  temperature 


where  ?,  is  the  combustor  average  inlet  temperature.  The 
data  may  also  be  summarised  in  terms  of  the  single  mixing 
parameter 
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Fig.  9  Combustion  Zone  Carbon  Monoxide 
Concentration  Versus  Combustion  Ufllciency 
Ixiss,  All  Data,  Symmetrical  Driving  at 
approximate  Constant  Power. 


'L<T>T3m? 


(2) 


and  the  temperature  profile  acoustic  driving  effectiveness 
parameter 


E  (  Tsm> "  Tun)1 


(3) 


where  "A©"  means  "no-drive"  and  "WD“  means  "with- 


drivc".  Both  0„  and  SM  tend  to  zero  as  mixing  is  increased 
by  the  acoustic  drive,  whilst  Sf  maximises.  The  "peakincss" 
of  the  temperature  pattern  was  evaluated  by  the 
temperature  pattern  quality  parameter 


,-r„ 


(4) 


where  Timm  is  the  exit  plane  local  average  maximum 
temperature. 


In  order  that  difTc'enccs  between  "no-drive"  and  "with- 
drive"  conditions  would  not  be  masked  by  small-changes  in 
running  conditions,  these  values  for  a  particular  angular 
setting  of  the  thermocouple  array  were  obtained  in  pairs. 
That  is,  after  obtaining  a  set  of  particular  "no-drive"  values, 
the  acoustic  drive  was  turned  on,  conditions  allowed  to 
stabilise  and  then  "with-drivc"  values  recorded.  The  drive 
was  then  turned  ofT  and  the  array  rotated  to  the  next 
position  followed  by  stabilisation  before  the  measurement 
procedure  was  repeated.  As  a  check  on  steady  operation, 
data  at  the  360"  setting  were  obtained  for  comparison  with 
the  initial  set  at  0°. 


When  the  data  were  analyzed,  it  was  realised  that  the 
acoustic  drive  had  little  alTect  on  the  wall  boundary  layer 
flows,  and  therefore  to  avoid  masking  effects  calculations 
of  Sm  and  5,  were  made  on  truncated  data  to  eliminate 
the  temperature  boundary  layer  in  the  exit  plane.  To 


l»T  MAN«  TtWMhA  TUP«  RRC  ILS*.  W»«yMMm>CAL  PWVWMt. 


N*  3  DRIVER  I  SOW,  I.  237m,  (Jt.-O  07»tkfl/t, 
M-Q.9143,  «,'F«7P.« 


Fig.  10  Typical  Combustor  Kxit  Plane  Diametral 
Dimensionless  Temperature  Profiles, 
Unsymmetrical  Driving, Vi Ixiad,  "No-Drive"  Q  - 
16.4%,  "With-Drive"  Q  =  13.3%,  Test  No. 
25/150,  Sec  Fig.  1  and  Table  I  also. 


indicate  this,  these  parameters  have  been  designated  a*5m 
and 

Figure  10  presents  typical  exit  plane  diametral  local 
average  dimensionless  temperature  profiles  for 
unsymmetrical  driving  by  No.3  driver  at  7:30  o’clock 
position.  Ihe  8  primary  zone  air  jets  from  the 
approximate  5  o'clock  to  9  o’clock  positions  were  strongly 
pulsed  by  the  single  driver  at  150  W.  Figure  11  shows 
similar  plots  for  symmetrical  equal  driving  of  all  primary 
zone  air  jets  by  the  three  drivers  at  an  average  power  of 
150  W  each.  Table  l  shows  a  slight  difference  in  individual 
driver  powers  caused  by  small  differences  in  driver 
impedance  which  is  considered  to  be  insignificant.  The 
influence  of  driver  power,  air/fuel  ratio  and  air  mass  flow 
rate  (load)  were  also  investigated. 

I  t st  Results  -  Temperature  Measurements " No  Acoustic  Drive " 
Visual  comparison  between  Figs.  10  and  11  "no-drive" 
reveals  very  good  repeatability  between  the  tests.  This  is 
quantified  by  the  mixing  parameter,  which  has  been  plotted 
against  A/F  in  Fig.  12  for  all  the  data,  and  demonstrates 
that  repeatability  was  within  ±2%  of  the  best  fit  line. 
Good  similarity  of  temperature  pattern  was  observed  for 
all  tests  at  M,  =  0.0143  (Vi  load)  over  the  range  of  A/F 
values.  But,  as  the  load  was  increased  to  Mr  =0.0420  (Vi 
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Fig.  11  typical  Combustor  Exit  Plane  Diametral 
DimensionlcssTemperalure  Profiles,  Symmetrical 
Driving,  '/<  Load,  "No-Drive"  Q  «*  15.1%, 
1  With-Driw;"  Q  -  12.8%,  lest  No.  36.  See  Fig. 
1  and  Table  I  also. 


load)  the  "cool"  central  core  in  the  pattern  was  flattened 
out.  To  check  that  the  temperature  pattern  was  stable 


T  F>>i»  -  a,),}1 


(5) 


t  *  J 

was  calculated,  where  (r,)0  and  ( Tj)m  arc  exit  plane  local 

temperature  measurements  at  the  0*  and  360'  settings  of 
the  thermocouple  array.  Ibis  showed  that  the  temperature 
pattern  was  stable  to  within  ±’/<%  in  terms  of 


A  similar  calculation  for  the  "with-drive" 
data  showed  the  same  stability  tolerance.  Stability  of  fuel 


mass  flow  rate,  air  mass  flow  rale,  Mf.  A/F  and  the  hot 


pressure  loss  ratio  (?« during  a  test  was  on 


average  within  about  ±2Vi%.  Individual  values,  for 
instance,  could  be  as  good  as  ±0.2%. 
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Fig.  12  Exit  Plane  "No-Drive"  Dimensionless  Mixing 
Parameter  Versus  Air/Fuel  Ratio,  Untruncated 
Data,  'A  Load,  Data  at  'A  and  V*  Loads  Shown  for 
Reference. 


EXIT  PLANE  MIXING  AND  DRIVING  EFFECTIVENESS, 
UNSYMMETRICAL  DRIVING, 
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Fig.  13  Exit  Plane  Dimensionless  Mixing  and  Driving 
EITectiveness  Parameters  Versus  Driving  Power, 
Unsymmctrical  Driving,  ‘A  I  x>ad,  Truncated  Data. 


Figure  14  gives  the  mixing  S„,  for  "no-drive”  for  truncated 
data  versus  A/F,  and  shows  appreciable  improvement  in 
mixing  for  A/F  >70  as  compared  with  the  total  data5„ 
calculations  of  Fig.  12.  Mixing  Sml  for  "no-drive"  improves 
with  air  mass  flow  rate  or  Mt  as  shown  in  Fig.  16, 
presumably  due  to  flow  turbulence  increase. 


ibe  temperature  pattern  quality  Q  peaks  at  about  15.8% 
at  A/F  =  70  for  "no-drive",  'A  load,  and  improves  with 
loading  to  about  14%  at  %  load.  Ibis  is  consistent  with  a 
full  load  design  value  of  Q  =  15%  at  A/F  =  60.4. 

Test  Results  -  Temperature  Measurements  " With  Acoustic 
Drive " 

Figures  10  and  1 1  show  typical  temperature  changes  due  to 
strong  acoustic  drive,  and  despite  the  different  driving 
arrangements,  the  temperature  patterns  were  similar.  The 
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overall  cHeel  wus  to  produce  a  more  uniform  temperature 
pattern.  The  ulTcet  of  varying  acoustic  power  was  assessed 
for  the  unsymmetrical  case  of  driving  No.3  driver  alone,  at 
'/« load  and  A/!;  *  70.9,  as  for  Fig.  10.  Figure  13  shows 
the  results  in  terms  of  Sm,  and  Spr  which  clearly  shows  a 
significant  31%  improvement  in  mixing (Sml)  although  this 
saturated  because  the  acoustic  driving  effectiveness  (Spl) 
saturated  at  3.1%  for  powers  greater  than  130  W.  Ihe 
rogue  data  point  at  101  W  appeared  to  be  caused  by 
combustor  instability  at  this  power;  several  tests  were  run 
producing  inconsistent  results. 

EXIT  PLANE  MIXING  AND  DRIVING  EFFECTIVENESS. 

UNSYMMETRICAL  DRIVING  AT  CONSTANT  POWER. 
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Fig.  14  I-lxit  Plane  Dimensionless  Mixing  and  Driving 
lilTcctivcncss  Parameters  Versus  Air/Fucl  Ratio, 
Unsymmetrical  Driving  at  Constant  Power,  'A 
load.  Truncated  Data. 


SYMMETRICAL  DRIVING  AT  CONSTANT  POWER . 
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Fig.  15  Hxit  Plane  Dimensionless  Mixing  and  Driving 
effectiveness  Parameters  Versus  Air/Fuel  Ratio, 
Symmetrical  Driving  at  Constant  Power,  ’/<  Fxiad, 
Truncated  Data. 
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Pig.  16  Pxit  Plane  Dimensionless  Mixing  and  Driving 
PfTcctivcncss  Parameters  Versus  Total  Air  Mass 
Flow  Rate  (load),  Unsymmetrical  Driving  at 
Constant  Power,  Truncated  Data. 


Varying  the  air/fuel  ratio  at  'A  load  with  No.  3  driver  at 
150W  produced  the  data  shown  in  Fig.  14,  where 
comparison  shows  that  mixing  improves  by  32%  "with- 
drive"  up  to  A/F  =  70.  Further  richcning  resulted  in 
poorer  mixing,  although  still  9%  better  than  "no-drive",  due 
to  a  sharp  decline  from  3.2%  to  0.9%  in  acoustic  driving 
effectiveness.  Repeating  these  tests  for  all  drivers  at  15 1W 
yielded  the  results  of  Fig.  15.  In  this  ease,  the  mixing 
"with-drive"  improved  steadily  over  that  for  "no-drive"  up 
to  35%  as  A/F  was  decreased.  Fffectively  acoustic  control 
maintained  approximately  the  same  mixing  at  all  A/F 
values,  which  was  brought  about  by  acoustic  driving 
ctTectiveness  increasing  with  richcning  to  3.9%. 
Surprisingly  Spl  for  three  drivers  at  15 1W  is  only  slightly 
greater  than  Spl  for  one  driver  at  150W  for  richcning  up  to 
A/F  =  70.  and  Sm,  "with-drive"  is  almost  identical.  A 
single  test,  for  drivers  No.  2  and  3  at  150W  average  each, 
therefore  is  not  surprisingly  in  close  agreement  as  shown 
on  Fig.  15. 

As  the  loading  was  decreased  (from  ’/<  to  V*  load)  F’ig.  16 
shows  that  acoustic  driving  effectiveness  increased  in  a 
manner  sufficient  to  maintain  approximately  the  same 
mixing  "with-drive"  at  all  loads  tested.  This  was  for  No.  3 
driver  constant  at  150W  and  A/F  constant  at  70.6.  The 
curve  fitted  to  the  J  data  has  been  constructed  to  vary 

j 

inversely  with  (Af,)2  as  will  be  discussed  later. 

ITie  corresponding  behaviour  of  the  temperature  pattern 
quality  Q  "with-drive"  parallels  that  of  the  mixing 
parameter  (Sm).  At  'A  load,  and  A/F  =  70.9,  condition  of 
greatest  chi.  nge.  increasing  driver  power  improved  Q  by  up 
to  19%  (1501V)  for  unsymmetrical  driving  by  No.  3  driver 
alone.  For  'A  load,  15 1W  symmetrical  driving,  a  20% 
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maximum  improvement  in  Q  with  A/F  richening  was  found 
at  A/F  ««  70.  /\nd  as  driving  effectiveness  reduced  with 
load  increased  up  to  V«  load,  so  did  the  improvement  in  Q, 
being  only  5%  for  150W  unsymmctrical  driving  at  A/F  = 
70.6. 


Table  1  shows  a  small  consistent  increase  in  the  exit  plane 
mean  temperature  "with-drive",  a  maximum  increase  of 
1.3%  was  found  for  Test  No.  37  at  Vi  load  and  A/F  =  36.2. 
This  suggests  that  acoustic  drive  produced  a  slight 
richening  in  A/F. 


EQUIVALENCE  RATIO  RICHENINQ  PEPENPENfiE  fl.N 
AULMASS  FLOW  RATE.  SYMMETRICALfifliym 
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Fig.  17  Combustion  A>nc  Normalised  Average  change  in 
liquivalencc  Ratio  by  Acoustic  Drive  Versus 
Total  Air  Mass  Flow  Rale.  All  Tests,  Symmetrical 
Driving  at  approximately  Constant  Power,  /  = 
227  Hz. 


3.  DISCUSSION 
Combustion  Analysis 

The  richening  by  acoustic  drive  for  all  the  data  is 
summarised  in  Fig.  17  where  the  average  change  in 
equivalence  ratio 

2D  (^wd  “  $nd) 

A<t>  =  J - (6) 

» 

for  each  test,  normalised  by  the  overall  equivalence  ratio 
has  been  plotted  against  the  total  air  mass  flow  rate. 
There  is  a  distinct  richening  effect  with  perhaps  an 
indication  of  dependence  on  and  the  effect  decreased 
with  increase  of  Mm  (or  Mr).  Ihc  jet  velocity  Uj  increases 

with  Ma.  and  since  the  acoustic  driver  power  is  constant, 
equation  (8)  shows  the  excitation  or  pulsation  strength 
W  decreases  (Ut  is  the  excitation  pulsation  velocity 
amplitude  of  the  jet),  which  decreases  the  acoustically 
enhanced  jet  entrainment  and  mixing  (4),(3).  References 
(6)  and  (2)  also  show  that  reducing  UJUj  diminishes  the 
jet  penetration.  Ihusthe  acoustically  controlled  jet  mixing 
factors  and  hence  the  richening  effect  decrease  withM^ 

increase  for  W  constant.  Ibe  most  likely  cause  of 
richening,  change  of  entrainment  or  penetration,  can  be 


established  by  calculating  the  ratio  of  the  equivalent  mean 
air  mass  Row  rate  at  the  combustion  probe  traverse  plane  Mm 
to  the  total  air  mass  Row  rate,  from  the  ratio  of  and  the 
mean  equivalence  ratio  measured  at  the  traverse  diameter. 

The  results  are  shown  in  Fig.  18  where  has  been 

plotted  against  tit4  for  "no-drive"  and  "with -drive" 
conditions.  Despite  the  undue  scatter  there  is  a  distinct 
decrease  of  l!tm  "with-drive".  and  the  magnitude  of 

decrease  diminishes  as  Ma  increases  as  just  explained.  All 
tests  showed  this  decrease  which  can  be  clearly  seen  in  Fig. 
18  by  examining  "no-drive"  and  "with  drive"  data  pairs. 
Thus  since  the  fuel  mass  rate  was  constant  for  each  test 

(choked  flow)  Mm  decrease  caused  the  richening.  and  is 
most  probably  due  to  increased  penetration  (6),  (2)  of  the 
primary  zone  air  jets  by  the  acoustic  drive  thereby 
increasing  combustor  flow  blockage.  This  seems 
convincing  but  it  snould  be  borne  in  mind  that  the  data  is 
for  one  traverse  diameter  only  and  for  mostly  single  tests. 


ACOUSTIC  BLOCKAGE  EFFECT, 
SYMMETRICAL  DRIVING, 


Fig.  18  Combustion  Zone  Air  Split  Ratio  Versus  Total 
Air  Mass  Flow  Rale.  All  Tests,  Symmetrical 
Driving  at  approximately  Constant  Power,  /  = 
227  Hz. 


Ibe  acoust  ieally  augmented  jet  entrainment  and  mixing  (4), 
(5)  should  be  reflected  in  the  distributions  of  the  various 
parameters  as  shown  by  the  central  flattenings  in.  Figs.  2  to 
3.  However,  according  to  Fig.  7  there  is  no  distinction 
between  "no-drive  and  "with-drive"  so  far  as  combustion 
efficiency  and  equivalence  ratio  behaviour  are  concerned. 
Hut  at  a  given  efficiency  more  thorough  mixing  should 
produce  propori  ionatcly  more  carbon  muo  'xidc,  and  close 
examination  of  Fig.  b  seems  to  show  this.  Me.hane  ought 
to  be  reduced  therefore  by  acoustically  improved  mixing, 
and  careful  scrutiny  of  Fig.  8  supports  this  by  indicating 
some  diffusion  to  lower  El  values  of  the  "with-drive”  data 
through  the  "no-drive"  data.  An  overall  evaluation  of 
mixing  may  be  made  by  calculating  the  mixing  standard 
deviation  S^.  based  on  the  measured  combustion  gas 
temperature  distributions  for  each  test 
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where  7^  is  the  mean  combustion  gas  temperature. 
Figure  19  presents  the  normalised  results  showing  up  to 
35%  improvement  in  mixing  "with-drive",  ie.  tends  to 
zero  as  mixing  improves.  lixcept  for  one  data  pair  acoustic 
drive  always  improved  the  mixing.  However  the 
importance  or  blockage  versus  entrainment  by  Toroidal 
vortices  cannot  he  decided  by  these  data.  As  the  mass  flow 
rate  was  increased  the  acoustic  improvement  in  mixing 
decreased  as  explained  previously. 
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Fig.  19  Combustion  Zone  Dimensionless  Mixing 
Parameter  Versus  Total  Air  Mass  How  Hate,  Ail 
Tests,  Symmetrical  Driving  at  approximately 
Constant  Power,  /  =  227  Hz. 


The  Temperature  Pattern  Measurements 

Ihe  "no-drivc"  temperature  pattern  typified  by  Figs.  10  and 
11,  and  those  at  other  loads  (not  shown),  compare 
favourably  with  those  shown  in  Kef.  I  and  are  satisfactory 
and  typical  for  this  kind  of  combustor  without  acoustic 
drive.  'Ihe  "no-drive’'  mixing  behaviour  of  Fig.  12  is  about 
7%  on  average  whereas  that  for  Ref.  1  is  somewhat  better 
at  an  average  value  of  about  5%.  Ihe  "no-drive”  mixing 
for  untruncated  data  worsens  as  load  is  increased  for  these 
tests  and  those  of  Kef.  1,  but  the  Kef.  1  mixing  is  again 
belter  (about  6%  versus  8%  at  Vi  load).  Ihe  reason  for 
somewhat  worse  mixing  may  be  due  to  the  facts  that  a 
more  powerful  blower  and  a  new  flame  tu’ic  (our  best 
copy)  arc  now  used  with  respect  to  Ref.  1. 

Figs.  12  and  14  for  "no-drive”  clearly  show  the  effect  of 
removal  of  the  thermal  boundary  layer  by  truncating  the 
data,  and  reveals  a  stronger  dependence  by  mixing  (Sm 
compare  Sm )  on  A/F.  This  appears  to  be  quite  reasonable 
since  as  the  mixture  richcns  combustion  is  more  vigorous, 
temperature  changes  arc  more  pronounced,  and  mixing 
womens  until  A/F  =  70  is  reached.  Furthermore,  Fig.  16, 
indicates  “no-drivc"  mixing  (Sml)  improves  with  increase  in 
loading  whereas  plotting  untruncated  data  shows  the 
opposite  behaviour  in  that  mixing  ( Sm )  worsens  due  to 
boundary  layer  thickening  by  increased  turbulence. 


Masking  dso  has  a  strong  effect  on  the  "with-drive"  data, 
halving  the  change  in  mixing  ( Smt  to  Sm)  shown  in  Fig.  13, 
and  totally  obscuring  the  trend  in  Sml  of  Pig.  14  for 
instance.  In  Figs.  13  to  16,  the  variation  of  Sf  is  closely 
identical  to  S  ,  as  it  should  he  since  the  thermal  boundary 
layer  is  subtracted  out  when  calculating  J  for  the  total 
data,  and  this  also  confirms  that  the  truncation  radius 
chosen  for  the  Sft  calculation  was  correctly  selected. 

Comparing  the  temperature  pro  flics  shown  in  Figs.  10  and 
11.  for  the  same  "no-drive"  condi:  ons.  reveals  closely 
similar  "with-drive”  patterns  despite  unsymmctrica!  versus 
symmetrical,  150W  per  driver,  action.  This  surprising 
behaviour  can  be  explained  by  referring  to  Figs.  14  &  15 
where  it  will  be  observed  that  mixing  "with-drive"  (£„,),  for 
riehening  to  AT  =  70,  is  nearly  constant  and  identical  for 
the  different  driving  conditions.  In  contrast,  the  "no-drive” 
mixing  worsens  strongly  with  riehening  to  A/F  =  70.  Thus 
it  appears  that  the  acoustic  drive  offsets  the  effect  of 
increasing  combustion  intensity  on  the  mixing  level  Sml, 
and  since  the  driving  pattern  has  no  effect,  it  is  most  likely 
that  increased  jet  penetration  by  the  acoustic  drive,  causing 
increased  blockage,  is  the  cause.  This  general  blockage 
effect  supports  the  explanation  for  acoustically  promoted 
riehening  in  the  combustion  probe  measurement  diameter, 
and  shows  other  traverse  diameters  would  have  given 
similar  results.  Careful  inspection  of  the  "with-drive"  data 
shows  that  all  the  "with-drive"  temperature  patterns  are 
very  similar,  ie.,  the  acoustic  drive  is  strong  enough  to 
maintain  the  lean  "no-drive"  temperature  pattern  over  »he 
riehening  effect.  Riehening  beyond  A/F  =  70,  for 
unsymmetrical  driving.  Fig.  14,  breaks  the  "with-drive" 
blockage  and  the  mixing  (Sml )  worsens  to  nearly  "no-drive" 
rich  values.  For  symmetrical  driving,  Fig.  15.  this  does  not 
occur  and  indicates  that  the  aerodynamics  of  the 
combustor  primary  zone  are  being  maintained  in  their  lean 
state,  whereas  the  unbalanced  efTccts  of  a  single  driver  can 
only  achieve  this  with  riehening  to  A/F  =  70. 
Furthermore,  the  basic  temperature  pattern  is  not  affected 
by  the  driving  arrangements  or  by  A/1*'  effects  showing  that 
major  changes  in  the  primary  zone  aerodynamics  do  not 
occur.  Paradoxically,  it  is  the  "no-drive"  mixing  (SMI) 
behaviour  with  A/1*’  riehening  which  appears  to  control  the 
acoustic  driving  effectiveness  Sft  since  this  is  effectively 
the  difference  between  "with-drive”  and  "no-drivc"  Sml  as 
Figs.  14  &  15  demonstrate.  However,  F’ig.  13  shows  that  Smt 
and  Sfl  depend  on  acoustic  driving  power,  demonstrating 
that  there  is  progressive  acoustic  control  between  the  "no- 
drivc"  and  "with-drive"  mixing  curves  of  Figs.  14  &  15  until 
full  blockage  or  saturation  occurs  at  about  150W  per 
driver.  Figures  14  &  15  show  that  symmetrical  driving 
produces  slightly  stronger  effects  than  one  driver  alone, 
also  despite  blockage  being  the  dominant  factor,  the 
slightly  improving  “with-drive"  mixing  curves  with  riehening 
suggest  that  the  improved  mixing  by  the  modulated  air  jets 
has  some  effect. 

Turning  now  to  Fig.  16  and  the  effects  of  loading.  As  the 
air  mass  flow  rate  is  increased,  the  velocity  of  the  primary 
zone  air  jets  increase  proportionately.  Also,  according  to 
Ref.  6 
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that  is,  for  a  given  jet  of  orifice  diameter  P  and  constant 
acoustic  driverpower  the  excitation  oi  pulsation  strength  UJUj 

} 

is  inversely  proportional  to  (Uj)1.  Therefore  the  acoustic 
driving  effectiveness  Sfl  should  vary  in  a  similar  way  with 
load,  which  is  demonstrated  by  Fig.  16  where  the  curve 


was  constructed  in  thismanner.  However,  the  "no-drive'J^, 
curve  (A/F  ~  70.6)  has  also  reduced  with  load  increase, 
and  if  the  lean  Smt  values  did  not  correspondingly  reduce 
with  load,  then  this  would  contribute  to  the  reduction  in 
5,,.  Thus  the  agreement  of  reduction  with  decrease  in 
acoustic  excitation  with  load  increase  is  perhaps  fortuitous. 
Clearly,  considerably  more  data  is  required  before  a  full 
understanding  is  possible,  and  particularly  for  increased 
driving  power. 


The  temperature  pattern  quality  behaviour  parallels  that  of 
mixing  Smi  of  Figs.  13  to  16,  and  for  similar  reasons.  In 
general,  acoustic  drive  improves  the  quality,  which, 
depending  on  conditions,  can  be  as  much  as  20% 
improvement. 


Overall  the  combustion  and  temperature  pattern 
measurements  established  a  distinct  improvement  in  mixing 
by  acoustic  drive,  up  to  35%  relative  to  "no-drive".  'Ibis 
was  due  primarily  to  How  blockage  caused  by  acoustically 
enhanced  jet  penetration,  and  a  secondary  cause  was 
enhanced  mixing  by  acoustically  shed  jet  toroidal  vortices 
Furthermore,  the  improvement  was  brought  about  by 
acoustically  pulsing  only  11%  of  the  combustor  total  air 
mass  flow  rate.  Also  the  combustion  gas  temperature 
patterns,  for  one  combustion  products  probe  traverse 
diameter,  were  similar  to  the  exit  plane  temperature 
patterns  for  the  complete  flow,  giving  confidence  that  the 
single  traverse  diameter  results  were  typical  of  the  total 
flow  in  the  combustion  probe  traverse  cross-sectional 
plane. 


The  affect  on  NOg  production  by  the  acoustically 
augmented  blockage  and  mixing  is  of  important  interest. 
Unfortunately,  NOz  measurements  by  the  combustion 
products  probe  and  by  gas  samples  in  the  combustor  exit 
plane  have  not  yet  been  made  because  of  instrumentation 
difficulties  and  insufficient  funds. 

Exit  Plane  Mean  Temperature  Measurements 

Table  I  gives  the  exit  plane  mean  temperature  values  for 
"no-drive*  and  "with-drivc"  conditions.  'Ibis  allows  the  "no- 
drive"  mean  temperature  rise  values  (T^-T,)  to  l>e 
compared  with  those  given  in  Refs.  1  and  2;  the  agreement 
is  very  gtxnl  and  shows  that  the  combustor  behaved 
normally.  Inspection  of  Table  1  will  reveal  that  there  is 
always  a  small  increase  in  7*ta  "with-drivc",  on  average 
about  0.5%  at  '/<  load.  This  is  equivalent  to  an  average 
change  in  A/F  of  -0.7%  which  agrees  with  -0.5% 
measured  at  'A  load,  and  also  there  was  an  average  change 

"with-drivc"  in  air  mass  flow  rale  Mt  of  -0.5%.  Since  the 
fuel  mass  flow  rate  on  average  was  constant  to  within 


0.1%,  then  the  change  in  A/F  was  due  to  that  in  M^  and 
is  evidence  of  flow  blockage  by  the  acoustic  drive. 

Hot  Pressure  iaiss  Measurements 

Small  changes  between  "no-drive"  and  "with-drive"  hot 
pressure  loss  measurements  were  apparent,  but  these  were 
always  smaller  than  the  estimated  uncertainty  in  the 
difference  and  therefore  were  not  significant.  Table  I 
therefore  gives  the  average  of  the  "no-drive"  and 
"with-drive"  hot  pressure  loss  measurements  for  a 
particular  test.  These  values  arc  in  good  agreement  with 
the  "no-drive"  hot  pressure  loss  measurements  of  Refs.  1 
and  2  and  are  normal  for  this  type  of  combustor. 

Driving  Power  Requirements 

The  energy  conversion  rate  of  the  combustor  at  'A  load 
rich  conditions  is  about  75  kW,  therefore  the  0.45  kW 
driving  power  used  for  effective  acoustic  control  is 
insignificant.  No  meaningful  estimate  of  driving  power 
required  for  significant  acoustic  control  at  full  load 
conditions  can  be  made  because  of  the  lack  of  data  at  ‘A 
and  V*  load  conditions. 

4.  CONCLUSIONS 

A  small  tubular  combustor  of  normal  design  and  behaviour 
employing  acoustically  controlled  primary  zone  air-jet 
mixing  processes  has  been  successfully  tested  at  scaled  'A 
load  operating  conditions,  and  some  data  was  obtained  at 
Vi,  V.  and  ’/<  loads.  Ihe  acoustic  control  produced  a 
distinct  richcning  effect,  measured  just  downstream  of  the 
primary  zone,  which  produced  a  decrease  in  combustion 
efficiency  and  a  somewhat  increased  and  flattercombustion 
gas  temperature  distribution.  There  was  a  central 
flattening,  in  the  diametral  distributions  of  equivalence 
ratio  and  emission  indices  for  CO  and  C.H4,  indicating 
improved  mixing  by  acoustically  shed  jet  toroidal  vortices, 
albeit  a  somewhat  secondary  effect.  At  a  given  combustion 
efficiency  more  CO  and  less  Cll4  was  indicated  as  a 
consequence  of  acoustically  augmented  mixing.  The  prime 
cause  of  richcning  was  due  to  increased  penetration  of  the 
primary  zone  air  jets  by  Ihe  acoustic  drive  thereby 
increasing  combuitor  flow  blockage.  This  and  the 
secondary  effect  of  jet  toroidal  vortices,  resulted  in  up  to 
35%  increase  in  mixing,  relative  to  "no-drive",  as  shown  by 
a  single  combustion  probe  diametral  traverse. 

The  acoustic  drive  produced  a  more  uniform  exit  plane 
temperature  pattern,  resulting  in  up  to  35%  improvement 
in  mixing  relative  to  "no-drivc"  and  in  up  to  20%  relative 
improvement  in  the  temperature  pattern  quality.  Ihe 
effects  depended  on  air/fuel  ratio  and  in  general  improved 
relative  to  "no-drive"  with  richcning.  The  acoustic  driving 
effectiveness  also  improved  with  richcning  for  a  maximum 
value  of  3.9%  (28°C)  of  the  mean  temperature  rise. 
Increasing  the  loading  to  Vi  load,  150W  single  driver 
power,  reduced  the  acoustic  driving  effectiveness  by  about 
80%  with  correspondingly  reduced  improvements  in  mixing 
and  quality.  Whether  driving  effectiveness  could  be 
regained  by  increased  driving  power  was  not  resolved. 

The  effects  of  acoustic  drive,  as  determined  by  exit  plane 
temperature  measurements,  were  controllable  by  means  of 
the  driving  power,  but  saturated  at  about  150W  when  a 
single  acoustic  driver  was  used.  Increased  flow  blockage, 
caused  by  increased  jet  penetration  by  the  acoustic  drive, 
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appeared  to  be  the  control  mechanism,  in  agreement  with 
the  combustion  measurements  results,  and  did  not  depend 
on  the  driving  pattern-  However,  symmetrical  driving 
produced  slightly  stronger  effects  than  one  driver  alone, 
and  despite  blockage  being  the  dominant  factor,  there  was 
evidence  of  slightly  improved  mixing  due  to  acoustically 
shed  jet  toroidal  vortices.  Effectively  acoustic  control 
maintained  the  aerodynamics  of  the  combustor  primary 
zone  in  the  lean  state.  Overall,  acoustic  control  improved 
mixing  and  produced  favourable  general  progressive 
control  over  the  combustor  exit  plane  temperature  pattern. 

Changes  in  the  hot  pressure  loss  were  not  significant. 
Also,  the  maximum  driving  power  used  for  effective 
acoustic  control  was  insignificant  in  comparison  with  the 
energy  conversion  rate  of  the  combustor. 
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Discussion 


Question  1.  C.  Moses 

If  this  concept  improves  the  mixing,  then  why  is  efficiency  reduced? 

Author’s  Reply 

Since  the  blockage  effect  causes  richening,  and  since  most  data  lies  to  the  right  of  the  peak  efficiency  in  the  curve  shown  in  Figure 
7,  the  efficiency  drop  follows  the  normal  behaviour. 


Question  2.  S.  Sivasegaram 

What  was  the  basis  on  which  the  driving  frequency  was  chosen,  and  what  effect  did  a  variation  of  this  frequency  have  on 
combustor  performance? 

Author’s  Reply 

The  driving  frequency  was  the  strongest  resonance  mode  of  the  system,  chosen  by  two  channel  analysis  using  an  input  and  output 
signal  for  the  system.  Small  variations  of  frequency  had  a  negligible  effect.  However,  variations  of  the  resonance  mode  produced 
weak  driving  which  in  turn  caused  smaller  measured  effects. 


Question  .3.  Dr  G.  Andrews 

You  mentioned  that  there  were  more  practical  ways  of  generating  the  pulsations.  Can  you  expand  on  this? 

Author’s  Reply 

Self  oscillating  systems  are  possible,  but  would  involve  ingenious  design.  Rotating  and  oscillating  valves  may  be  more  reliable, 
but  our  experience  shows  that  frequencies  greater  than  100  Hz  are  hard  to  achieve.  The  electromechanical  piston  (loudspeaker) 
is  the  most  flexible,  but  it  is  limited  by  flexure  design  and  poor  cooling.  It  ought  to  be  possible  to  overcome  these  deficiencies  by 
better  design,  i.e.,  a  good  linear  motor. 


ENDOTHERMIC  FUELS  FOR  HYPERSONIC  AVIATION 


by 

Dr  Leonid  S.  Ianovski 
Laboratory  Head 

Central  Institute  of  Aviation  Motors  (CIAM) 
Moscow,  Russia 

Edited  by1 

Dr  Clifford  Moses 

Chairman,  Program  Committee  and  Institute  Engineer 
Southwest  Research  Institute 
San  Antonio,  Texas 


The  creation  of  hypersonic  vehicles  and  the  use  of  jet  engines 
with  higher  temperature  cycles  has  resulted  in  a  significant 
increase  in  the  thermal  stresses  of  the  engine  elements.  In 
order  to  use  the  fuel  as  the  coolant  for  these  elements,  it  is 
necessary  to  increase  the  heat  capacity  of  hydrocarbon  fuels. 

This  problem  can  be  solved  by  taking  advantage  of  such  high 
temperature  chemical  processes  as  1 1-3J: 

—  catalytic  dehydrogenation  of  the  hydrocarbon  fuels; 

—  thermal  cracking  or  pyrolysis  of  hydrocarbon  fuels, 
including  the  addition  of  the  initiators  and  catalysts. 

The  chemical  heat  capacity  of  hydrocarbon  fuels  can  be  used 
for  the  direct  cooling  such  elements  as  combustion  chambers, 
nozzles,  and  front  wing  edges;  indirect  cooling  these  elements 
can  be  accomplished  by  using  a  heat-transport  medium  in  the 
fuel/air  or  fuel/gas  heat  exchangers.  The  gaseous  products  of 
the  decomposed  fuels  can  be  used  as  a  working  medium  for 
the  drive  of  the  equipment  of  a  fuel/feeding  system  of  the 
engines. 

It  appears  that  the  efficiency  of  the  engine  can  be  improved  by 
taking  advantage  of  the  added  cooling  capacity  which  results 
in  a  higher  heat  of  combustion  and  a  higher  specific  gas  con¬ 
stant.  The  application  of  endothermic  fuels  in  the  hypersonic 
vehicles  requires  a  solution  of  a  number  problems,  especially 
the  following: 

1 .  an  evaluation  of  endothermic  fuel  compositions  to  deter¬ 
mine  chemical  reactions  at  the  given  temperature  ranges, 
and  the  effects  of  catalysts,  initiators,  and  materials  or 
covers  to  increase  heat  absorption,  to  decrease  the  tem¬ 
perature  threshold  of  fuel  decomposition,  and  to  reduce 
the  formation  of  coke  deposits; 

2.  a  determination  of  the  chemical  reaction  rates  for  the  dif¬ 
ferent  endothermic  fuels; 

3.  a  determination  of  the  heat  and  mass  transfer  rates  in  the 
fuel  channels  in  both  the  liquid  and  vapour  phases  includ¬ 


ing  supercritical  states,  and  also  under  conditions  of 
chemical  reactions  of  decomposition; 

4.  a  development  of  the  compact  heat  exchangers  and  cool¬ 
ing  systems  which  can  utilize  the  chemical  heat  capacity  of 
the  endothermic  fuels,  and  the  estimation  of  the  efficiency 
of  these  endothermic  fuels  to  cool  high  speed  aircraft. 

5 .  to  achieve  effective  combustion  of  products  of  the  endoth¬ 
ermic  reactions  in  subsonic  and  supersonic  flows. 

Investigations  are  being  conducted  at  CIaM  to  address  these 
questions.  This  report  is  a  brief  review  of  some  of  the  results. 

Experimental  Installations  and  Methods 

The  experimental  investigations  of  the  chemical  fuel  decom¬ 
position  processes  have  been  carried  out  by  laboratory 
installations  at  one  atmospheric  and  elevated  (to  8.0  MPa) 
pressures.  A  schematic  of  the  flow  apparatus  is  shown  in 
Figure  1 .  Two  different  types  of  reactors  are  used:  One  type  is 
made  of  either  hollow  or  coaxial  round  tubes  made  of  quartz 
and  filled  with  catalytic  material.  Figure  2  illustrates  the  sec¬ 
ond  type  of  reactor  which  is  made  from  flat  plates  with 
internal  turbulence  generators;  in  this  type,  the  walls  are 
coated  with  catalytic  material. 

The  fuel  decomposition  takes  place  in  the  reactors  with  the 
formation  of  hydrogen  (H2)  and  light  hydrocarbon  gases;  also, 
there  is  the  formation  of  coke  deposits.  The  gas  compositions 
are  determined  by  chromatography.  The  quantities  and  com¬ 
position  of  coke  deposits  are  determined  by  carbon  burnoff  a* 
temperatures  800-900’C  and  by  other  methods.  The  heats  of 
reaction  and  average  molecular  masses  of  the  decomposition 
products  are  determined  by  using  the  composition  of  these 
products.  In  the  channels,  all  fuels  made  the  coke  deposits 
while  still  in  the  liquid  phase;  these  deposits  affected  the  heat 
transfer  to  the  fluid  over  the  course  of  the  experiment,  some- 
timer,  resulting  in  higher  wall  temperatures  while  other  times 
lower.  To  reduce  the  formation  of  deposits,  the  dissolved  oxy¬ 
gen  and  other  contaminants  and  additives  are  removed  from 
the  fuels. 


'.  At  the  request  of  the  PEP  Executive,  I  have  endeavoured  to  edit  the  original  text  so  that  a  reader  not  familiar  with  ih„-  subject  matter  of  this 
paper  would  be  more  able  to  understand  the  presentation  and  its  significance.  I  have  tried  to  maintain  the  original  content  without  interpre¬ 
tation  or  change.  In  the  interest  of  time,  this  was  unfortunately  carried  out  without  the  knowledge  or  consent  of  Dr  Ianovski.  For  a  copy  of  the 
original  text,  please  contact  Dr  Moses  or  the  PEP  Executive. 
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Figure  1  Schematic  of  the  experimental  plant  U-404:  1  —  inlet  fuel  tank;  2  —  pump;  3  —  relief  valve;  4  —  filter;  5  —  flowmeter 
tank;  6  —  valve;  7  —  3-ways  valve:  8  —  volumeter;  9  —  equalazer  tank;  10  —  heat  exchanger;  11  —  electro-contact  valve;  12  — 
fuel  flow  rate  controller;  13  —  electro-contact  manometer;  14  —  thermocouple;  15  —  electro-heater;  16  —  manometer;  17  — 
reactor;  18  —  refrigerator;  19  —  regulation  valve;  20  —  fuel-air  separation;  21  —  gas  flow-meter;  22  —  conrol  valve;  23  —  drain 
tank;  24  -  closed  valve. 


Figure  2  The  general  look  of  the  flat  wall  with  internal  microchanneln. 


Fig.  3  Scheme  of  channels  with  turbulentors 


Results  of  Fxperiments 

The  innsi  interesting  endothermic  processes  are  the  catalytic 
dehydrogcni/ation  of  hydrocarbons.  Cyclohexane,  methyl 
eyelohexane,  and  several  special  fuel  compositions  were 
investigate*.)  Table  I  list-  several  examples  ot  dehydrogena- 
turn  reactions  that  have  heen  addressed  in  the  literature,  hut 
unfortunately  experimental  data  are  not  sufficient  for  the 
design  and  construction  ot  hardware 

Table  1 


nn 

Reaction 

H.  kkal/mol 

1 

C,Hf 

•  CH„  +  H? 

33,73 

2 

C.,H„ 

,  -  C„H*  f  h, 

2750 

3 

C„H,, 

•  C  H.  a-  JH 

49  25 

4 

c.h.4 

*  C  Hh  4-  3H? 

46,94 

5 

C„Hm 

•  C  H  .  ,  H  ,  ; 

- 

I  he  kinetic'  parameters  ot  cyclohexane  arul  other  luck  dehv 
ilrouef  i/ation  at  various  catalysts  were  investigated  and 
reaction  rate  constants  and  act'vation  energy  were  deter 
mmeil  Deh.drogem/atiori  ot  (  ,11  .  and  <  Hu,  and  related 
liit'l  lompi  isitions  were  Outlied  with  >arious  kinds  ot  catalysts 
at  piessurcs  of  (l.l  -l.ii  MPA  and  teniperaiures  of  *<>n-f>’0'( 

(  atiilvst  leinperatuie  was  found  tohe  an  important  paiamctcr 
to  i  atalvsi  pei fi  vtm.iiHi  f  ins  in  illustrated  in  Figure  4  fm  the 
dehydrogenation  of  (  ,11,  over  c  >  different  ia!alysts  lire 
lempeiat.ire  dependence  v aired  with  the  catalyst,  some  could 


he  increased  hy  only  a  factor  ot  2.  while  others  could  he 
increased  by  a  factor  of  It) 

During  some  experiments  it  w  as  observed  that  undet  the  eon 
ditiotrs  of  the  experiments,  the  eatalvst  activity  deete.ised 
dunng  the  first  30  minutes  of  the  tes>  I  xannnation  of  the 
catalyst  surfaces  before  and  after  the  experiments  using  elei 
Iron  microscopy  showed  that  this  decrease  in  activity  was 
caused  by  an  agglomeration  of  I’t  and  I’d  particles  on  the  sui 
lace  of  catalysts.  It  was  suggested  that  et  eating  binary  mctalhi 


F  gure  4  Dependence  of  the  maximal  specific  'ate  of  decom¬ 
position  C,H,  ana  the  energetic  catalyzer  productivity  from 
the  catalyzer  layer  temperature  (P~1  03  MPa  1  Pd  f:  2 
Ni.SnC 


•  At* 
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catalysts  would  stabilize  the  activity.  In  CIAM  a  new 
technology  was  then  used  to  prepare  the  catalysts  by  mixing 
the  metal  powders  and  then  baking  the  system  at  high  temper¬ 
ature.  This  technology  of  catalysts  preparation  guaranteed  a 
firm  coupling  of  the  catalyst  with  the  thermoconductive  sur¬ 
faces  and  the  activity  was  much  more  stable. 

Figure  5  illustrates  this  improved  stability  for  C,HU  over  two 
different  catalysts.  During  the  first  80  minutes  of  the  work  the 
eneigtti ;  productivity  of  the  catalysts  decreased  about  17% 
and  during  the  following  4  hours,  only  about  11%.  The  coke 
formation  was  not  large  for  these  experiments.  Strain  energy 
at  a  temperature  of  375*C  was  14  W/cm  \  ard  the  heat  trans¬ 
fer  rate  from  wall  to  the  catalyst  was  40  kW/m!.  The 
dehydrogenizaticn  of  cyclohexane,  methylcyclohexane  and 
other  related  fuel  compositions  at  450'C  provide  a  maximum 
catalyst  power  intensity  18  w/cm}  and  a  heat  flow  intensity 
q  -  35  kW/mJ.  The  nature  of  the  coke  deposes  was  not 
observed  in  these  experiments.  The  rate  of  formation  of  coke 
deposits  was  decreased  and  catalysts  lifetime  was  increased  as 
the  pressure  was  increased  front  0.1  to  1.0  MPa  The  optimum 
compositions  of  fuel  mixtures  were  selected  and  the  catalysts 
which  provide  with  least  falling  of  the  activity  were  identified; 
also  the  ways  of  increasing  the  catalysts  stability  were  pro¬ 
jected. 


Figure  5  Change  of  the  energetic  catalyzer  productivity  and 
the  heat  transfer  rate  to  the  layer  at  C7HU  dehydrogenlsation: 
1  —  catalyzer N  1, 2  —  catalyzer N2,  m  -  2  g;  G  -  2 cmVmin; 
Tin  -  1350  h-1;  Tom  -  3500  h"\  t  -  375*. 


At  higher  fuel  temperatures,  above  500*C,  it  is  necessary  to 
employ  the  processes  of  thermal  cracking  or  pyrolysis  of  jet 
fuels.  CIAM  created  the  first  samples  of  the  Russian  endoth¬ 
ermic  fuel  T-15  which  is  stable  to  thermooxidation  processes 
and  have  not  corrosive  activity  to  the  constructional  materials 
and  rubber  and  not  toxic.  The  fractional  composition  and  the 
saturated  vapour  pressure  for  T- 1 5  are  not  distinguished  from 
the  standard  jet  fuels  such  as  Russian  T-6  or  American  JP-7. 

The  mass  heat  of  combustion  of  T-15  on  14%  is  larger  than  for 
fuels  T-6  or  JP-7.  (is  14%  larger,  ed.?)  and  has  better  burning 
characteristics.  The  decomposition  products  of  fuel  T-15 
have  a  specific  gas  constant:  R  —  0.22  kJ/(kg-K).  that  allows  to 
maintain  the  drive  of  the  fuel  feeding  systems  of  engines  by  the 
pyrogas.  The  total  heat  capacity  of  the  T- 1 5  sample  at  temper¬ 
atures  <800*C  is  over  4600  kJ/kg  as  shown  in  Figure  6.  The 
T-15  heat  capacity  is  8- 10%  from  the  mass  heat  combustion  at 
the  temperature  range  from  20'C  to  760‘C.  To  compare  the 
liquid  hydrogen  has  heat  capacity  per  unit  mass  heat  eornbus- 


Figure  6  The  coo!  capacity  as  a  function  of  temperature  for 
endothermic  fuel  different  samples. 


tion  near  11%.  That  is  very  close  to  endothermic  fuels.  This 
result  shows  that  the  heat  capacity  of  endothermic  fuels  will 
be  comparable  with  liquid  hydrogen  heat  capacity  with  due 
account  of  increasing  the  hydrocarbon  flow  rate  3  times  much 
as  hydrogen  flow  rate. 

In  order  to  intensify  the  process  of  fuel  cracking  and  also  to 
decrease  the  temperature  of  beginning  fuel  decomposition, 
homogeneous  initiators  and  heterogeneous  catalysts  were 
selected.  The  following  considerations  formed  the  basis  of  the 
choic«*  of  homogeneous  initiators: 

—  first,  initiators  must  generate  active  radicals  (H.  CH,. 
C2H5)  which  attach  to  the  fuel  hydrocarbons; 

—  secondly,  the  initiator  must  have  high  efficiency  so  only 
small  concentrations  are  necessary  to  force  the  fuel  crack¬ 
ing; 

—  further,  the  radical  generation  rate  by  means  of  the  initia¬ 
tors  must  be  more  than  the  cracking  fuel  rate; 

—  finally,  all  initiators  must  react  during  the  cracking  time 
because  otherwise  all  the  radicals  will  simply  react 
between  themselves. 

The  bond  brake  energy  of  initiators  must  be  lower  than  C-C 
bond  brake  energy. 

We  found  effective  liquid  initiators  which  in  concentrations  of 
less  than  0.8%  accelerate  the  fuel  cracking  from  2  to  7  times  in 
the  temperature  range  500-630*C  and  also  decrease  the 
beginning  cracking  temperature  nearly  at  100'.  Inis  is  illus¬ 
trated  in  Figure  7.  All  the  more,  the  binary  initiator  mixtures 
are  created  which  give  a  synergetic  effect  equal  2.  One  of  their 
initiators  generates  radicals  at  decomposition  and  accelerates 
the  decomposition  of  second  initiator  and  the  fuel  at  all. 

Coke  deposits  are  one  of  the  important  factors  defining  the 
limits  of  application  of  the  fuel  cracking  processes  in  cooling 


44-3 


0) 


Figure  7  Influence  of  the  initiator  concentration  of  the  fuel 
gacification.  P-5,0  MPa;  a)  C.%:  1  -  0;  2  -  0,4;  3  -  0,7;  4  - 
0,8;  5  -  1,5;  b)  T,  C:  1  -  580*;  2  -  580’C;  3  -  600’C;  4  - 
620'C;  5  -  630’. 


TSb*s2 


Technology  of  processing 

Coking,  %  mass 

Without  processing  (6  clssnllnsst) 

0.039 

Mechanical  processing  (7  clean.) 

0.036 

Mechanical  processing  (10  clean.) 

0.028 

Chemical  processing 

0.032 

Mechanical  processing  (10  clean.) 

+  gaseous  processing 

0.026 

Mechanical  processing  + 
eloctrolytical-plasmous  processing 

0.002 

Temperature  820  C;  t  —  la;  t*  -  6h;  0  6  x  0.5  x  180;  Gas, 
%,  88 


systems.  Various  technologies  of  suppressing  the  coke  deposit 
formation  in  the  channels  were  investigated  including  the 
selection  of  materials  and  coadngs  which  are  catalytically 
inert  to  coking.  Materials  were  identified  which  decreased  the 
coke  deposit  by  40-50  times  as  compared  to  the  steel  surface 
under  equal  conditions.  Table  2  compares  the  results  of  inves¬ 
tigations  of  various  technologies  of  material  surface 
processing  in  order  to  decrease  the  coke  deposits.  These  tech¬ 
nologies  were  tested  for  five  hours  under  extreme  conditions, 
at  temperatures  to  820’C.  The  combination  of  mechanical 
processing  of  the  material  surfaces  to  high  level  of  cleanliness 
combined  with  electrolytic-plasmous  processing  gave  the 
highest  effect  —  practically  no  coking. 

!n  order  to  intensify  of  cracking  process  a  metal  packing  was 
placed  in  the  reaction  zone.  Different  metals  were  investi¬ 
gated.  Figure  8  shows  that  the  metal  catalytic  effect  on  the  fuel 
decomposition  was  different  for  the  metals  tested.  If  is  of 
interest  to  note  that  metals  influences  the  beginning  tempera¬ 
ture  of  fuel  decomposition  and  displaces  it  in  the  range  to 
50-60’,  The  temperature  dependence  of  the  reaction  heat 
effect  also  influenced  the  kind  of  the  metals. 


Figure  8  The  rate  of  gasification  as  a  function  of  temperature 
at  the  contact  with  different  metals.  1  —  X18H10T,  2  —  NiCr,  3 
-  Fe,  4  -  Ni,  5  -  Ti. 


Kinetic  parameters  of  gas  and  coke  formations  at  the  fuel 
cracking  in  the  contact  with  various  metals  were  determined. 
Connection  between  catalytic  properties  of  metals  and  its 
internal  properties  (for  example,  the  atomic  radius)  permitted 
the  prediction  of  the  catalytic  properties.  Thus  our  investiga¬ 
tion  allowed  the  selection  of  optimum  compositions  of 
endothermic  fuels,  construction  materials  and  coatings  and 
the  technologies  of  their  processing,  which  provide  with  pos¬ 
sibility  of  using  this  fuels  for  cooling  of  the  scramjet  engines, 

In  order  to  provide  design  data  for  cooling  systems  on 
endothermic  fuels,  a  series  of  heat  transfer  experiments  were 
caiTied  out  in  which  fuels  were  decomposed  at  different  tem¬ 
peratures,  pressures,  and  contact  times.  The  generalized 
dependences  of  heat  transfer  were  obtained.  The  critical  spe¬ 
cific  heat  flows  which  leads  to  the  phenomenon  analogous  to 
“heat  explosion”  in  the  diffusive  field  proceeding  the  decom¬ 
position  process  were  determined. 


The  regularities  of  coke  deposits  formation  at  fuel  cracking 
were  obtained.  The  calculating  methods  of  gas  formation 
intensity  at  fuel  cracking  and  the  wall  temperatures  consider¬ 
ing  the  rates  of  coke  formation  in  the  approach  of  boundary 


Figure  9  Wall  bulk  temperature  distributions  and  conversion 
degree  along  the  length  of  the  canal  at  the  PT  fuel  thermo- 
dostructlon.  $  4X1000;  T*  -  400*C;  G  -  1.2*  10“*  kg/s;  q.  - 
6-10*  Watt/m2. 

Solid  lints  —  computed  values,  plota  —  experimental  data:  1 
—  with  chemical  reaction.  2  —  without  chemical  reaction. 


layer  and  also  in  single-measured  approach  were  elaborated. 
The  results  of  modelling  of  the  fuel  cracking  process  in  reac¬ 
tors  and  their  comparison  with  experimental  data  were 
presented  on  Figures  9-13,  including  the  modelling  of  a  fuel/ 
air  heat  exchanger  shown  in  Figure  13. 


Figure  11  Influence  of  the  maee  flow  rate  on  the  change  of  the 
degree  conversion  (solid  lines)  and  the  coke  deposit  rate 
along  the  length  of  the  canal  $4X1000.  N  —  octan,  T*~  573 
K;  q*  -  5*  10*  Watt/m*;  G,kg/s:  1  -  4- 10-*;  2  -  B-IO'1 


Figure  10  Influence  of  the  heat  flux  on  degree  of  the  fuel  con-  Figure  12  Influence  of  the  initiator  of  the  gasification  (1 )  and 
version  (solid  lines)  and  the  coke  deposits  rate  (dashed  lines)  the  coke  deport  rate  (2)  at  n-octan  thermodestruction.  T*  - 
along  the  length  of  the  canal  $ 4X1000.  N-octan;  T*  -  573  K;  573  K;  q„  -  5  n/  Watt/m?;  G  -  4,1  •  10"*  kg/s.  The  Index  "O" 
G  -  4,1  •  10' 5  kg/a;  q„  Watt/m2: 1  —  0,3- 10*;  2  —  0,5- 10*;  3  —  —  without  initio  r-i  Lines  —  computed  values,  plots  —  exper- 
1,1  •  10*  Iment. 
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Figure  13  The  calculation  of  exchanger-reactor  on  endother¬ 
mic  fuel.  The  temperature  of  covered  air  flow,  K:  a)  1400,  b) 
1600,  c)  1700, 1  —  air  temperature,  2  —  fuel  temperature,  3  — 
degree  of  the  fuel  conversion. 


The  experimental  installation  for  studying  the  burning 
characteristics  of  cracked  foel  products  in  subsonic  air  flow  is 
shown  on  Figure  14.  It  includes  the  combustion  chamber  foel 
and  air  systems,  the  reactor-gasifier,  the  refrigerators,  the  foel 
and  inert  gas  delivery  system*. 

The  results  of  the  burning  investigations  are  presented  in 
Figure  15.  The  calculation  of  the  coefficient  of  heat  emission 
tj,  had  been  made  with  considering  the  trended  heat  on  the 
decomposition.  1*  is  clear  thet  combustor  had  more  h*gh 
values  T),  over  the  total  range  of  the  change  V„(  and  a  at  prega¬ 
sified  foel  introduction 

The  stability  characteristics  of  combustor  at  the  lean  foel/air 
mixtures  was  improved  by  the  feeding  of  foel  decomposition 
products  at  the  foel  transformation  degree  z  -  0  25,  ^  - 
26.7;  while  at  the  initial  foel  a^,,  -  14.6.  The  obtained  regu¬ 
larity  of  the  character  change  of  the  dependence  q  on  the 
mixture  composition  in  the  feeding  the  foel  decomposition 
products  may  be  explained  first  by  increasing  of  the  rate 
owing  to  hydrogen  formation  and  secondly,  by  the  increase  of 
the  volumetric  foel  rate  at  the  expense  of  the  gaseous  fuels 
decomposition  products  (for  z  —  0.25  Vprod  «■  4V„). 

'Thus  the  comparative  investigations  of  some  characteristics 
of  the  combustion  at  the  endothermic  fuel  decomposition 
products  qualitatively  confirmed  the  possibility  of  the 
improvement  of  working  process  in  the  combustor  by  foel 
pregasification.  Further  investigations  are  necessary  for  the 
determination  of  the  quantitative  regularities,  and  also  in 
supersonic  air  flows.  A  special  installation  has  been  created  at 
CIAM  to  obtain  the  characteristics  of  burning  the  foel  decom¬ 
position  products  in  supersonic  flows. 


Figure  14  The  plant  for  determination  of  burning  characteriatics  of  endothermic  aircraft  fuels. 
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Figure  15  Combustion  characteristics  against  air  mass  flow 
for  ths  different  conversion  degree  Z.  Fuel  —  PT.  Z:  1  —  0;  S  — 
0,25. 
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